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ABSTRACT 



In a welded structure, shrinkage and external constraint 
are closely related. Shrinkage decreases as Degree of Con- 
straint increases. 

In the first part, this paper presents: 

(1) a formula that can be used to find the transverse shrin- 
kage of a free joint in the case of a butt weld, 

(2) the definition of the degree of constraint of restrained 
structures , 

(3) the empirical correlation between transverse shrinkage 
and degree of constraint. 

In the second part, this paper presents: 

(1) analytical formulae for the degree of constraint of some 
simple joint configurations, 

(2) the numerical method for the degree of constraint of 
other joint configurations and the tabulation of the re- 
sults obtained. 

In the last part, the use of the degree of constraint 
to determine the cracking susceptibility of a welded struc- 
ture is suggested and a method of experimentation to verify 
the numerical results obtained in the second part is proposed. 
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SUMMARY 



Distortions and residual stresses unavoidably accompany 
every welded structure. They are not independent of each 
other. In the case of an unrestrained structure, the shrin- 
kage distortion is determined by the welding heat and can be 
determined. However, practical structures are seldom com- 
pletely free and welding is performed more or less under ex- 
ternal constraint, therefore it seems that if factors rela- 
ting to welding heat are definite, the ratio of shrinkage 
distortion under external constraint to the one in a free 
welded joint is uniquely decided by the degree of external 
constraint to which weldments are subjected, or: 

(shrinkage under external constraint, S^) = (shrinkage 
in free welded joint, S^) x F c 

where F is a function depending on the degree of constraint. 

is the transverse shrinkage of the unrestricted joint or 
free joint. For a butt joint, has the following expres- 

sion : 



S tf = C i % lo 9 
x h 



W 
e W, 



+ C. 



(K) 1/2 

n 



where : 



A = sectional area of the groove of the butt joint, 
h = plate thickness, 

W = weight of deposited metal per unit weld length, 



2 





= weight of deposited metal per unit weld length per 
welding of each pass, and 

and C 2 are coefficients depending on arc voltage, arc 
current, arc efficiency, filler metal diameter, and 
melted weight of rod per unit current and unit time. 







For example with the Ilumenite type filler rod of 3.2 mm 
diameter, with weld current of 120A and welding speed of 0.3 cm/s , 
it has been found that in the C.S.G. unit system: 

C ± = 0.0960, C 2 = 0.0416 



In this order of idea, Masubuchi has defined the degree of 
constraint as: 



Uniform transverse stress, a 

Yo 

Degree of Constraint, K = — — (1) 

Average Transverse Displacement [v] ^ 



where [v] ^ is the average of the transverse displacement taken a- 
long the weld length i, and has found a graphical correlation 
between transverse shrinkage and degree of constraint K (refer- 
ences 1,2). 



s 



Later, Watanabe and Satoh, after analyzing the experimental 
results obtained by Masubuchi and others, have found a correlation 
of the form: 



S tf 1+ 0 . 086K° * 87 
therefore, in order to determine the shrinkage distortion, the 

value of K must be known. 



( 2 ) 




On the other hand external constraint promotes stress. In 
fact, the level of stress can be found by combining (1) and (2) : 



3 



a 

y 0 



- K[vi * 



and for a butt weld, S - [v] ^ for an actual weld. Therefore: 





K 

n p 7 

1 + 0 . 0 86K U * ° 



a is the average reaction 

stress along the weld due 
to constraint 



If the external constraint is too high, residual stress can reach 
a dangerous level where cracking can occur. Here again, it is es- 
sential to know K. 



In a few cases, K can be found analytically. But in most 
practical cases, it has to be computed numerically. 

The object of this study is to compute numerically the values 
of K for some test specimens and to propose a method of experimen- 
tation to verify the computed results. Also the degree of con- 
straint in the case of patch weld has been determined analytically. 



The numerical method used is the finite element method in 

which the plate structure is divided into small elements in each 

of which static equilibrium and geometrical compatibility have to 

be satisfied. In this case, for each specimen the values of K 

are computed as a function of R = — where Z is the weld length 

(in this case, it is the length upon which the uniform stress a 

acts) and L is the length of the slit. The results are presented 

K 



as the non-dimensionalized degree of constraint K = 



(E is 



(E/L) 

the modulus of elasticity) curves versus R = f/L in the attached 



diagram (Figure 9). 



One exception is made in the case of the Lehigh test spe- 
cimen where the weld is made all along the length of the slit 




without saw cut 



i i 



with saw cut 



(£=L, R=1.0). In these cases, experimental data are available 
for comparison: 





K * 

computed 


^measured 


K — K 

0 computed measured 


■*> K 

computed 


No Sawcut 


45.3 Kg/mm 2 -mm 


44 Kg/mm 2 -mm 


2.87 


1 ; 

With Sawcut 28.9 Kg/mm -mm 


27 Kg/mm 2 -mm 


6.70 

i 



Assuming E = 19.9 x 10 3 Kg/mm 2 



The object of the Lehigh test specimen is to find the critical 
value of K or range of values of the degree of constraint above 
which weld cracking may develop, below which it may not. The ana- 
lytical results obtained in the case of a patch weld ,which consists 
of a circular disc welded to a plate, are for the case of a plate 
with large dimensions (infinite plate) : 
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Patch Weld 

(1) If the weld can be made along the whole circle in one pass, 
then : 

K - ° R 1 E 

K -3^=2 R 

R is the radius of the plate, 

is the radial stress of the perimeter of the disc, and 
is the radial displacement at the weld. 

the weld can be made within a sector 2a, then: 



R 



U R 
(2) If 





°R _ IIE 1 

r - , 2aR X 2-f (2a) 

1 R J 2a 

where [u.^] 2 a is the average radial displacement over the weldeql sec- 
tor 2a and f(2a) is a series function of 2a with f(0)=f(H)=0 and 
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the series converges as 



1 



n 



2 



Because of the linearity of the relations in elastic defor- 
mation, the displacement is inversely proportional to the modulus 
of elasticity E, and K, which is defined as a stress divided by 
the corresponding average displacement, is proportional to E. 
Therefore a new factor, called specific degree of constraint K', 
and defined as: 

K . _ K 
K " E 

is independent of the linear elastic material and dependent only 
on the geometry of the weld. 

Therefore experiments to determine the values of K to verify 
the computed results can be conducted on any linear elastic ma- 
terials, preferably the ones that have small E and are not expen- 
sive. Plastic materials are proposed, and a mechanical way to 
stress the specimens is to drive two wedges to make an assembly 



with parallel faces into the slit. Each specimen will have 
several sets of wedges with different widths £ so that K' can be 



r 



r 




wedge shape 



£ 

found as function of R = -. Strain gauges put near the edges of 
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the slit and visible marks made at the immediate vicinity of the 
edges for optical measurements by microscope or comparator are 
used to determine stresses and displacements. In these experi- 
ments the material at the loading zone is in compression instead 
of tension as in the welding. It is of no consequence as far as 
the material is linear elastic in compression. It is actually, 
and the value of E is between 3 to 5 x 10 5 psi (in compression) . 



The problem of shrinkage control could be conceived as a 
problem of choice between two alternatives, based on the degree 
of constraint K: 



K 




[v] 



£ 



and the Watanabe-Satoh relation: 




S tf S tf 1+0.086 K°‘ 87 



S tf is the transverse shrinkage of a free joint and for a butt 
weld, S^_ - [v]^ at the weld. These alternatives are either to 
limit the shrinkage by increasing the external constraint, and 
thus accept a higher value of K and hence a higher level of re- 
sidual stress or to reduce the residual stress level by relaxing 
the external constraint thus reducing the value of K and to accept 
a larger value of shrinkage distortion. 

In the problem of cracking control, it is essential that the 
external constraint will result in a value of K below the range 
of critical degree of constraint K , characteristic of each ma- 
terial and each weld type. 





- 
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In these two problems, the important factor is the degree 
of constraint K. 
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INTRODUCTION 





I. General 

Welding is an efficient method of fabricating struc- 
ture. Various products ranging from miniature electronic 
components to bridges, ship hulls, rocket motor cases have 
been made by welding. 

One of the troublesome problems that accompany the con- 
struction of welded structures is shrinkage distortion. The 
more complex the structure is, the more involved the problem 
becomes. Shrinkage distortion can cause mismatch of joints 
which leads to the possibility of welding defects. 

The correction of weld distortion is costly and in 
some cases impossible. It is therefore desirable to develop 
some techniques to predict somehow the approximate values 
of the shrinkage distortion in order that palliatiye mea- 
sures can be devised that will neutralize or reduce the 
effect of shrinkage distortion. 

Another problem associated with welding is cracking. 
Cracks may form as a result of the welding operation and can 
occur within the weld metal or the base metal in the heat- 
affected zone. 

There are two types of cracking that are experienced in 

i 
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welding: hot cracking and cold cracking. Hot cracking is be- 
lieved to take place during the solidification of the weld- 
ment and can occur in the weld metal or in the heat affected 
zone. Hot cracks are of intergranular type. Cold cracking 
occurs at much lower temperatures than does hot cracking, 
in steels at temperatures below the start of the austenite- 
martensite transformation. Cold cracks may be formed during 
or after the welding operation; cold cracks are of trans- 
granular type. Cracking, hot or cold, depends on many fac- 
tors such as chemical composition of the base and filler 
metals, mechanical restraints, welding condition (heat , input) . 
For given welding conditions, chemical compositions of the 
base and filler metals, it is desirable to develop a way of 
determining quantitatively the degree of restraint that may 
promote cracking. 

II. Technical Background 

Distortion in a welded structure may be determined as 
a function of structural parameters, material parameters and 
fabrication parameters. 

The structural parameters include the geometry of the 
structure, the shape of the joining boundary and the type of 
the joint. 

The material parameters are the nature of the base and 
filler materials. 

The fabrication parameters include the welding process, 
the heating procedure, the welding sequence, the degree of 






, 
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constraint . 

The degree of constraint, which will be the principal 
object of this study, is a parameter which characterizes the 
external mechanical constraint to which a weld is subjected. 
For example, the degree of constraint of a weld made through- 
out along the median line of a rectangular plate, case (a). 



is different from that of a weld made only partially along 
this line, case (b) . In fact, in case (a), the weld can be 
considered to be free while in case (b) , it is not. And in 
case (a) the shrinkage is larger than in case (b) and we can 
imagine that there should be a relation between shrinkage and 
degree of constraint. 

According to Masubuchi (reference 2) , to analyze weld 
distortion, it is necessary to establish analytical relation- 
ships among these three sets of parameters and distortion. 

For a simple butt weld as is the case of this study, the 
dimensional changes produced in the structure by each weld are 
to be determined. This can be done by: 

(1) Analyzing the heat flow, 

(2) Analyzing the thermal stresses during welding to 
determine incompatible strains, and 

(3) Determining the dimensional changes. 






(V>) 



r mrrr : 



(a) 
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In fusion welding, a weldment is locally heated by the 
welding heat sources. During the thermal cycle, the weldment 
is subjected to thermal stresses. When the weld is completed, 
incompatible strains are created in the region near the weld. 
Incompatible strains, including dimensional changes associated 
with solidification of the weld metal, metallurgical transfor- 
mations, and plastic deformations, are the sources of residual 
stresses and distortion. When welding processes and parameters 
are changed, the heat flow pattern is also changed causing a 
change in the distortion of incompatible strains, hence in 
shrinkage and distortion. 

The problem of determining the distribution of incompatible 
strains is extremely difficult. When a material undergoes plas- 
tic deformation, the stress strain relationship is not linear. 
Furthermore, plastic properties of the material change with 
temperature . 

When the incompatible strains are known, theoretically or ex- 
perimentally, the problem of determination of dimensional changes 
can be handled analytically. Moriguchi has developed a funda- 
mental theory of stresses caused by incompatible strains, and 
Masubuchi has applied Moriguchi ' s theory to the study of resi- 
dual stresses and distortion due to welding. 

Assuming that the dimensional changes in welds are determined, 
either analytically or experimentally, the next step is to deter- 
mine the distortion induced in the structure by these dimensional 
changes . Although plastic deformation is produced in small areas 

i 
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near the weld, most of the remaining material in the structure 
is elastic. Consequently, the induced distortion can be ana- 
lyzed by using the elastic assumption. Hence the relations used 
to determine the induced distortion are independent of fabrica- 
tion parameters and depend only on well-established material 
parameters. 

A. Changes of Temperature and Stress During Welding (from refer- 
ence 2) 

Figure 1 shows schematically how residual stresses are formed 
in a weld. Figure la shows a bead-on-plate weld in which a weld 
bead is being laid at a speed v. O-xy is the coordinate axis; 
the origin, 0, is on the surface underneath the welding arc, and 
the x direction lies in the direction of welding. 

Figure 1 shows temperature distribution along several cross 
sections. Along Section A-A, which is ahead of the welding arc, 
the temperature change due to welding, AT, is almost zero (Figure 
lb-1). Along Section B-B, which crosses the welding arc, the 

i 

temperature distribution is very steep (Figure lb-2) . Along 

Section C-C , which is some distance behind the welding arc, the 

distribution of temperature change is as shown in Figure lb-3. 

Along Section D-D, which is very far from the welding arc, the 

temperature change due to welding again diminishes (Figure lb-4). 

Figure lc shows the distribution of stresses along these 

sections in the x direction, a . Stress in the y direction, a , 

' x J y 

and shearing stress, x , also exist in a two-dimensional stress 
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b. Temperature Chonge 



c. Stress a 



A-57275 






URE 4. SCHEMATIC REPRESENTATION OF CHANGES OF TEMPERATURE AND 
STRESSES DURING WELDING. ’ 
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field (Figure la) . 

Along Section A-A, thermal stresses due to welding are al- 
most zero (Figure lc-1) . The stress distribution along Section 
B-B is shown in Figure lc-2. Stresses in areas underneath the 
welding arc are close to zero, because molten metal does not 
support loads. Stresses in areas somewhat away from the arc are 
compressive, because the expansion of these areas is restrained 
by surrounding areas that are heated to lower temperatures. Since 
the temperatures of these areas are quite high and the yield 
strength of the material is low, stresses in these areas are as 
high as the yield strength of the material at corresponding tem- 
peratures. The amount of compressive stress increases with in- 
creasing distance from the weld or with decreasing temperature. 
However, stresses in areas away from the weld are tensile and 
balance with compressive stresses in areas near the weld. In 
other words. 

So • dy = 0 (a) 

X 

•k k » 

across Section BB. Thus, the stress distribution along Section 
BB is as shown in Figure lc-2. 

Stresses are distributed along Section C-C as shown in 



In a general three-dimensional stress field, 

nents , a , a , a , x , x , x exist, 
x' y 2 xy' zy zx 



six stress compo- 



Equation (a) neglects the effect of 
brium condition. 




and 



x on the equili 
xy ^ 



i 
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Figure lc-3. Since the weld-metal and base-metal regions near 
the weld have cooled, they try to shrink causing tensile stresses 
in areas close to the weld. As the distance from the weld in- 
creases, the stresses first change to compressive and then be- 
come tensile. 

Figure lc-4 shows the stress distribution along Section D-D. 
High tensile stresses are produced in areas near the weld, while 
compressive stresses are produced in areas away from the weld. 

The distribution of residual stresses that remain after welding 
is completed are shown in the figure. 

The cross-hatched area, MM', in Figure la shows the region 
where plastic deformation occurs during the welding thermal cycle. 
The cross-hatched area near the origin 0 indicates the region 
where the metal is melted. The region outside the cross-hatched 
area remains elastic during the entire welding thermal cycle. 

Because of the difficulty in determining the distribution 
of incompatible strains, no analysis has yet been developed to 

t 

trace the change of two-dimensional thermal stresses during 

welding and to determine distributions of three residual-stress 

components, a , a , and t . In other words, no analysis has 

x y xy 

been made in which both heat flow and stress fields are treated 
as two-dimensional problems. In all studies conducted so far, 
the problem has been simplified in some way. 

B . Shrinkage Distortion 



Shrinkage distortion in welding can be considered as the 
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result of the combination of two groups -of factors: 

(1) Factors related to welding arc, arc voltage, welding 
current, welding speed, type and size of electrode, 

(2) Factors related to external constraint. 



1 - Effect of Welding Heat 



The effect of welding heat on the transverse shrinkage in 
the case of butt weld free of external constraint is known in 



the form: 



where 





Log 



W 

Wo 



+ c. 




( 1 ) 



is the transverse shrinkage of the free joint, 

A is the sectional area of groove of the butt joint, 
b is the thickness of the plate, 

W is the weight of deposited metal per unit length of 
the weld, 

W Q is the weight of deposited metal per unit length of 
the weld in one pass, and 

C-^ and C ^ are constants depending on the arc voltage, arc 

intensity, heat efficiency of the welding arc, size and 
type of the filler metal and the melted weight of the 
rod per unit current and unit time. 



2 - Effect of External Constraint 

In practical work, welding is performed more or less under 
external constraint. In this case, shrinkage distortion in weld 
metal is depending also on the mechanical constraints and smaller 



i 




f 




than in free joints. In their work, Kihara and Masubuchi at- 
tempted to determine quantitatively the degree of constraint and, 
in a slit weld, to find a relation between transverse shrinkage 
and degree of constraint. 



0 is the center 
of the plate 




Accordingly, the degree of constraint K is defined as: 

a 



K = 



£v] 



( 2 ) 



where l is the length of the weld in a slit of length L, a is 

the uniform stress applied along the weld length Z and [v] ^ is 

the corresponding mean value of transverse displacement over the 

portion of the slit where the load is applied. The physical 

meaning of K is that when uniform transverse stress a is ap- 

y o 

plied along the part of the slit between x=x^ and x=X 2 * 

(Ix^-x^^l = £) displacement v will occur along the slit. 

1 

value of the transverse displacement [v] ^ defined by: 



The mean 



x 0 
2 



‘ v h = i 



vdx 



is related to a by: 

Yo 1 



°y„ = K[v h 



In the case of a slit in an infinite plate, and using the analogy 
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between the residual stress in this case and the vortex theory 
in Hydrodynamics, they have shown that (see references ,1 and 2) 



•J 

f A 



Cl 

? it— <• 



L 



< 



with 



K = 



7T E i 1 



2 L L F 



(3) 



a 



0 



F = I [ / 
n=l 0i 



sin0sin ii3d0] 



where 



* = x 2 " x l' x 2 >x l 

X T 

0, = cos 1 ( ) 

1 L/2 



-1 x ? 

9 = cos (— — ) 

Z L/2 



i 

The value of K as a function of R = r has been computed and the 



curve K = 



K _ it R 

E/L 2 F (R) has been drawn in Figure 2 for the case 



where the weld is symmetric, that is = 0, and 0 ^ 

Y 

the encircled dots on the diagram are the value of K = found 

experimentally. We note that K has the dimension of a stress 
divided by a length and therefore K is dimensionless. In the 
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experiments described in reference 1, the following results have 



been obtained: 



Slit Lengtl 
L (mm) 


Weld Length 
Z (mm) 


z 

T 

XJ 


I 

K 

(Kg/mm 2 /mm) 


E/L 

(Kg/mm 2 /mm) 


1 ' 

K 


513 


173 


0.337 


r 

51.6 


41.13 


0.905 


340 


164 


0.488 


56.4 


62.06 


0.740 


174 


174 


1.000 


76.8 


121.26 


0.636 


523 


174 


0.330 


52.0 


40.34 


0.915 


349 


175 


0.502 


55.2 


60.46 


0.730 


174 


174 


1.000 


76.8 


121.26 


0.636 


510 


163 


0.320 


38.3 


41.37 


0.930 


176 


176 


1.000 


76.0 


119.89 


0.636 


171 


171 


1.000 


78.2 


123.39 


0 . 636 , 


340 


168 


0.494 


57.0 


62.06 


0.735! 


172 


172 


1.000 


77.8 


122.67 


0.636 


337 


172 


0.510 


55.5 


62.61 


0.725 


165 


165 


1.000 


81.0 


127.88 


0.636 


202 


202 


1.000 


66.2 


104.46 


0 . 6 3 6 1 


224 


224 


1.000 


59.6 


94.20 


0.636 


129 


129 


1.000 


103.5 


163.57 


0.636 


96 


96 


1.000 


139.1 


219.79 


0.636 


390 


149 


0.382 


45.6 


54.10 


0 .840 


290 


150 

1 


0.518 


52.2 


72.76 


0.720 



In their report, Kihara and Masubuchi did not mention whether the 
welds are symmetric or not in the case of x<1.00. But it has 
been confirmed by Masubuchi that the welds are made Symmetrically. 
The length of the plate is Lq = 1200 mm, its width is B = 800 mm, 
its thickness is h = 19 mm. The slit detail is shown in the 



accompanying figure. 
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The experimental values of K are higher than those given by 

the theory , instead of the contrary, since the plates are actually 

finite and the shrinkages are expected to be larger consequently. 

There are several reasons for this . One is that the weld cannot 

be perfectly symmetrical, while the values of K and K are lowest 

in the symmetric case. Another is that the methods of measuring 

the shrinkages as used by the authors give a lower value than 

they are actually, since the width of the slit is about 12.8 mm, 

while the shrinkages are measured along parallel lines which are 

45 mm. apart and the value of the shrinkage at that distance of 
/45mm - 12.8mm n x . 

me we±a ( ^ - 6.1mm) is expected to be smaller than 

they are at the weld. 

Using this degree of constraint thus defined, Masubuchi has 
found a correlation between the mean shrinkage and K .in a slit 
type specimen as reproduced in Figure 3. 

Expanding this idea, Watanabe and Satoh (reference 3) later 
determined the value of K for other configurations such as the 
H-type and the circular-ring type. Then they found an empirical 
correlation between the transverse shrinkage S t and the degree 
of constraint K for various types of weld in the form: 



S 



t 



S 



t f 



1 



0.87 



F 

c 



1+0.086K 




r 





S being the transverse shrinkage of a free joint which has been 
defined in the previous part. And they conclude (reference 3) 
that, "It may be said... that these data are approximately repre- 
sented by one curve despite the fact that various conditions are 

different from one to the other. It can be concluded, therefore, 

S t 

that the function F (= - — ) . . .or the ratio of shrinkage dis- 

tf 

tortion under external restraint to the one in unrestrained 

welded joint is decided by K and it is independent of the other 

S. 



conditions." The graph of 



tf 



= f (K) has been reproduced in 



Figure 4 with some experimental data for comparison. The value 
of S t in the case of butt weld is: 



> tf 



A W A 1 / 2 

= C, — • Log iL-+C 9 (— ) 

V e W„ 2 h 2 



A: sectional area of groove of butt joint 
h: plate thickness 

W: weight of deposited metal per unit length 

W Q : weight, of deposited metal per unit length per 
welding of each pass. 



In the C.G.S. unit system and with the ilmenite type, the co- 



efficients 

Welding Current 
(A) 


and have the 

Welding Speed 
(cm/sec) 


following values : 

Size of Electrode 
(diameter in cm) 


u L — f 

c i 


C 2 


120 


0.3 


3.2 


0.0960 


0.0416 


150 


0.3 


4 


0.1021 


0.0584 


210 


0.3 


5 


0.1530 


0.0745 


260 


0.3 


6 


0.1249 


0.0690 



Mean Shrinkage, mm 



FIGURE 




RELATIONSHIP BETWEEN DEGREE OF CONSTRAINT AND 
TRANSVERSE SHRINKAGE IN A SLIT-TYPE SPECIMEN 







F ^ GUR f 4 : Ef fect of External 

Constraint on the Transverse 
Shrinkage of Butt-Welded Joints 
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III Purpose of the Study 



The correlation obtained by Watanabe and Satoh presented in 
the previous text enables the prediction of the transverse shrin- 
kage and the level of transverse residual stress of a plate due 
to given welding conditions if the degree of constraint of the 
weld is known, provided that this empirical correlation is cor- 
rect. The Watanabe-Satoh correlation has been obtained from a 
set of experimental data conducted on three types of joints: the 
straight slit type, the H-slit type and the circular ring type 
specimen. Some values of K given by Watanabe and Satoh are: 



- L ^ 




L 



(for an infinite plate) 



Straight-Slit Type 






s 





(No information was given as 
to the width of the H bran- 
ches, the length of the 
plate) 






H-Slit Type 
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Circular Ring 



The straight slit formula has been found by Masubuchi in refer- 
ence (1) or (2) . The circular ring formula can be found by using 
the elastic theory (Reference: Theory of Elasticity , by Timoshenko, 
2nd edition, problem No. 4, page 126). The H-slit formula can be 
found by using the elastic theory, according to Watanabe and 
Satoh. 

In these three cases, the geometrical boundaries are rela- 
tively simple and analytical formulae are possible. Unfortunately, 
with the probable exception of the ring type, these specimens are 
not easy to make. Usually to make a slit, it would be easier to 

begin by drilling two relatively large circular holes at the ends 

* 

and then cutting the plate along a line joining their centers. 



Also, the dimensions of the plate are finite. Then the 
region is not single-connected any more and analytical formula- 
tion becomes very difficult if not impossible, and numerical 
methods should be used. The same remark can be applied to actual 




structures . 



i 





- 
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The purpose of this study is to compute the value of the 
degree of constraint K for some types of specimens, to propose 
a method of experimentation which, when performed, will provide 
a means of verifying the numerical method used in the computa- 
tion of K. 

This numerical method of computing K provides also a method 
of quantitatively evaluating the cracking susceptibility of a 
weld. In this case, some experimentation methods have been pro- 
posed (see reference 4, page 32-39), such as the Lehigh test, in 
which the values of K are measured for different specimens. If 
the value of K is too high the plate will crack and there should 
be a critical value K , or a range of values, of the degree of 
constraint K for which: 

K below the critical range, the plate will not crack, and 

K above the critical range, the plate will crack. 

The critical range of K is determined experimentally and 
could be considered as a material and weld type property. Then 
if a weld is to be made for a given plate material, its ability 
to crack can be predicted by computing the value of K of the 
weld to be made and thus its feasibility can be decided quanti- 
tatively before the weld is actually made. 
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PROCEDURE 

I Mathematical Approach 

In most cases, a numerical method will be used which is 
based on the finite element method of structural analysis de- 
veloped recently and a summary of which can be found in reference 
(5) . The computer programs for the finite element methods in 
structure analysis are made available by the Civil Engineering 
Department of M.I.T., whose user's instructions can be found in 
reference (7) . 

The basis of the method is to divide the structure into a 
finite number of small elements. Within each element, the dis- 
placements u and v at each point (x,y) in the x- and y-direction 
are assumed to be series functions of x and y of the form: 

I 

u(x,y) = ? 2 a. . x 1 y J I ' • . 

2 i 3 2.J 2 I 

v (x,y) = £ £ b . . x 1 y J 

l j 1 -J __ - * 

a. . and b. . are functions of the coordinates (x T . , y T . ) of the nodes 
limiting the elements. The functions u(x,y) and v(x,y) are such 
that displacement compatibility is satisfied along the boundaries 
of the elements to ensure the condition of convergence to the 
true solution. By the use of the variational method, a system 

of linear equations between forces and displacements can be derived 

1 
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and can be solved for forces if displacements are given or vice 
versa . 

The computer programs set up by the Civil Engineering Depart- 
ment for plates are of four types: 

(1) "CSTG" : constant strain triangle, global formulation in which 
the elements are triangles, the strain within each element is 
assumed to be constant and one global referential system is 
used for the whole plate. 

(2) "CSTL" : constant strain triangle, local formulation. The 
only difference v/ith the "CSTG" is that each element has its 
own individual referential system. 

(3) "LST" : linear strain triangle. The elements are triangles, 
the strain within each element is assumed to vary linearly. 

(4) "PSR" : plane stress or plane strain rectangle. The elements 
are rectangles. 

The finite element methods provide a powerful means of anal- 
ysis of structure. Any complicated structure can be investigated 
without much difficulty. They have, however, their own weaknesses. 
The input data need to be carefully set up. The results are ob- 
tained in the form of numerical answers to the problem and the 
influence of different factors are not evidenced. Therefore, 
where it is possible, analytical approach will be used. 

II Choice of Appropriate Numerical Method 

There are two alternatives in the use of the previously- 



mentioned computer programs, namely the constant strain ele- 
ment; "CSTG", "CSTL", "PSR" or the linear strain element "LST . " 

Therefore the computation of the degree of constraint in 
the case of a straight slit in a rectangular plate has been 

made first, using both the constant strain element and the linear 

> 

strain element programs as means of verifying the adequacy of 
the methods themselves and a comparison between the two program 
types since analytical results are available (equation [ 3 ] , for 
an infinite plate). Also in the case of constant strain, two 
types of gridwork are used; one relatively coarse, made of a 
combination of triangles and rectangles, "CSTG" and "PSR" types, 
with 105 nodes. The other is made with a finer gridwork, of 
triangles, "CSTG" type, with 170 nodes. The results are pre- 
sented in Tables 1 to 6 , the loading being symmetrical with 
respect to the center of the slit. The input and output data 
are presented in Appendices la and lb for constant strain and 
in Appendix 2 for linear strain. The symbols used are; 




Z: loading length 
L; length of the slit 

v; local transverse displacement (in the direction 
perpendicular to the slit) 

; average transverse displacement over the loading 
length Z 



K ; degree of constraint computed 
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K : non-dimensionalized degree of constraint computed: 



E: Young Modulus of 



c 

E/L 



Elasticity 

L: Length of the slit 



K : non-dimensionalized degree of constraint obtained 
analytically in the case of an infinite plate: 



E/L 



The use of non-dimensionalized K (K or K ) makes the results 

c 00 

somehow comparable in the form of curves relating K or to R and 
are presented in Figure 5. The difference between and K could 
not be considered as a measure of the accuracy of the numerical 
method because K ro is the non-dimensionalized degree of constraint 
in an infinite plate and for which the only significant dimension 
is the slit length L of the weld and K is the non-dimensionalized 
degree of constraint in a finite plate and for which the signifi- 
cant dimensions include the slit length L, the plate length L c 
and the plate width W 0 . But we can expect K to be smaller than 
since the restraint due to a finite plate should be less than 



that due to an infinite plate. 

The average transverse displacement [v] ^ is defined as: 



for a symmetric weld, where i is the weld length. 

In order to determine [v]^, the local values of v at var- 
ious nodes where loads are applied ; are plotted as a function of 



1/2 




vdx 



-a/2 






(♦ 



(• 






the abscisse x of the nodes. Then a curve (C) is faired in 
through these points and the area limited by the axis Oy 
(which is also the axis of symmetry), the ordinate x = i/2 , 
the curve (C) and the axis Ox is measured graphically by a 

planimeter . 

* 

Area= / D vdx 
0 

| 

A,B,C,D are loaded nodes 



By dividing the value of this area to i/2 , the average 
half transverse displacement v/2 is obtained, since the weld 
is also symmetrical with respect to Ox and the transverse 
displacement is the distance which both sides of the weld 
come in to each other. 

From the results in Figure 5 these conclusions could 
be formulated: 

(1) The linear type gives an unusual swing: the curve of K 

is above that of K for small R and becomes smaller than 

00 

that of K computed by the "CSTG" method for large va- 
lues of R. 

(2) The constant strain types "CSTG", "PSR" in the two 
gridworks give more consistent results. The K curve 
obtained is almost parallel to the curve. Also, 
there is not much difference between the two gridworks, 
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one coarse and the other fine. 

Therefore, the constant strain element type with a 
relatively coarse gridwork can be used in the computation 
of the degree of constraint of various joint configurations 
in plate structure. 

Ill Units Used 



1) Length: 

(a) inch 

(b) millimeter wherever comparison with Japanese data 
is desirable. 

2) Force: 

(a) Pound 

(b) Kilogram wherever comparison with Japanese data 
is desirable. 



i 
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ELLIPTIC HOLE 
Dimension Characteristics: 






V ~ 



c. 



( f 



- 



■> 



i 

t 

M 



Length of Plate, L 0 =6" 
Width of Plate ,W 0 =4" 
Plate Thickness ,T=0 . 2" 

i 



W - 'I 

o 



I v_ 



Length af Slit, L=2" 

Maximum Width of Slit,W=0.2" 

Large Axis a _ , 0 
Small Axis b - 



Mechanical Characteristics: 



Force Applied = 2 x 10 5 lb/in 

0 = 10 6 psi 

Y o * 

Young's Modulus, E = 30 x 10 6 psi 
f- = 15 x 10 6 psi/in 

-L , 



Node Displacements in the Y-Direction (in 10 2 inches) , Constant Strain Elements 
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TABLE 2 



Values of the Degree of Constraint K and the Non-Dimensionalized 

jr 

Degree of Constraint K = for Different Values of R = 

(Constant Strain Element) 



50 

II 

f| ?*=> 


v/2 

(10- 2 in) 


K 

( 10 6 psi/in) 


K 


K 

CO 


0.1 


1.797 


27.824 


1.855 


2.079 


0.2 


3.125 


16.000 


1.067 


1.268 


0.3 


4.192 


11.927 


0.795 


0.975 


0.4 


5.039 


9.923 


0.662 


0.823 


0.5 


5.781 


8.649 


0.577 


0.731 


0.6 


6.315 


7.918 


0.528 


0.673 


0.7 


6.730 


7.429 


0.495 


0.637 


0.8 


6.9 04 


7.242 


0.483 


0.617 


0.9 


6.866 


7.282 


0.485 


0.614 
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TABLE 4 



Values of the Degree of Constraint K and the Non-Dimensional 

for Different Values of R = 



R 

Degree of Constraint K = 



(E/L) 

(Constant Strain Elements - Finer Gridwork) 





R - 1 


v/2 

(10 -2 in) 


K 

(10^ psi/in) 


K 


K 

CO 


0.1 


1.725 


28.986 


1.932 


2.079 


0.2 


3.098 


16.139 


1.075 


1.268 


0.3 


4.157 


12.028 


0.802 


0.975 


0.4 


5.000 


10.000 


0.667 


0.823 


0.5 


5.725 


8.734 


0.582 


0.731 


0.6 


6.222 


8.035 


0.536 


0.673 


0.7 


6.577 


7.602 


0.507 


0.637 


0.8 


6.804 


7.349 


0.490 


0.617 

1 


0.9 


6.780 


7.375 


0.492 


0.614 
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TABLE 6 



Values of the Degree of Constraint K and the 



K 



Non-Dimensionalized Degree of Constraint K = 

Z 

for Different Values of R = — 
(Linear Strain Elements) 



R - A 
R " L 


v/2 

(10' 2 in) 


K 

(10^ psi/in) 
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K 

oo 
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2.617 


19.106 


1.274 


1.268 
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4.805 
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0.694 


0.823 


0.6 


6.302 


7.934 


0.529 


0.673 
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RESULTS 

I Presentation of the Results 

A. Straight Slit Type - The results are assembled in tables 
7 and 8 and in Figure 6 ; the input and output data are in 
Appendix 3 . 

B. Straight Slit with Circular Holes at the Ends - The re- 
sults are in Tables 9 and 10 for the "CSTG" type and in 
Tables 11 and 12 for the "LST" type and are assembled in 
Figure 7 for both types. The input and output data are in 
Appendices 4 for "CSTG" and 5 for "LST." Here again the 
two methods, "CSTG" and "LST" are used in order to compare 
them again because the weld configuration is different from 
the previous cases. 

C. H-Slit Type, Steel Plate - The results are in Tables 13 
and 14 and :jn Figure 8. The input and output data, are in 
Appendix 6 . 

D. Lehigh Test Specimen - The results are in Tables 15 and 
16. The input and output data are in Appendices 7a and 7b. 

E. H-Slit Type, Aluminum Plate - The results are in Table 17. 
The input and output data are in Appendix 8. 



44 



STRAIGHT SLIT HOLE 



Dimension Characteristics: 
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Mechanical Characteristics: 
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TABLE 8 



Values of the Degree of Constraint K and the 



Non-Dimensionalized Degree of Constraint K 

i 

for Different Values of R = — 

Li 
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(E/L) 



R - L 

R ■ L 
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v/2 
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(Kg/mm -mm) 
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K 
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STRAIGHT SLIT , CIRCLED ENDS 



Dimension Characteristics: 
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Length of Plate ,L 0 =12" 
Width of Plate, W 0 =8" 
Plate Thickness, T=0.1' 



Slit Overall Length, L=6" 

Loading Length, LL=5" 

End Circle Diameter, D=0.5" 
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Width of Slit Along 1 11 

Loading Length, 32 



Mechanical Characteristics: 



Force Applied 



= 8 x lCT lb/in 
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= 8 x 10 psi 



Young's Modulus E = 30 x 10 psi 
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= 6 x 10° psi/in 



Node Displacements in the 



49 




G 

•H 



CM 

I 

O 






G 

0 W 



•H 

•P 

O 

< 1 > 

u 

•H 



-P 

G 

<D 

e 

<d 



Q W 
I 

X G 



•H 

<d 

U 

P 

CO 



-P 

G 

<d 

■P 

w 

G 

0 

U 








pi 
















pi 


CN 




LO 


00 


O 






i 


• 


• 


• 


• 


• 






O 


o 


O 


o 


i — 1 




1 














0) 


0 


G 












tr» 


U 


•H 


o 




o 


CN 


i — 1 


rd *P <d - 


P CM 


CN 


i — i 




00 


LO 


U r 


H •— 1 


G \ CM 


00 




00 


i — 1 


CN 


0) 1 


rd 0 |> 1 


• 


• 


• 


• 


• 


> ffi W i 


E o 


o 


i — i 


1 — 1 


CN 


CN 


< 




r— 1 














Q 


s — 
















00 










CN 




CN 


o 










00 




LO 


m 










CN 






• 










• 






CNJ 










i — 1 






LO 










LO 




ID 


CNJ 










00 




m 


• 










in 






CNJ 










• 
















• — i 






O 








•— 1 


00 




Ch 


O 










oo 






• 










00 






CN 








• 


• 














i— 1 


1 — 1 






LO 








in 






r- 


r- 










LO 






• 








r- 


o 






i — i 








• 


• 














i— i 


CN 






o 






LO 








<y\ 


LO 






LO 


00 


CO 




oo 


• 








Ch 


CN 






■ — i 






• 


• 


• 


to 










i— i 


I — 1 


CN 
















<D 




in 






oo 


00 


o\ 


e 


CN 


CN 






in 


00 


00 


rd 


ro 


• 






LD 


o 


oo 


S3 




i — i 






• 


• 


• 


0) 










i— 1 


CN 


CN 
















T3 




o 




o 


LO 


cr\ 


0>i 


0 


lo 


o 




i— l 


00 


o 


o 


£ 


CNJ 


• 




CN 


r- 


CN 


in 






rH 




• 


• 


• 


• 










•— 1 


rH 


CN 


CN 






LO 




00 


r- 


CN 


CN 






r^ 






00 


o 


O 




CNJ 


• 




oo 


00 


oo 


LO 






o 




• 


• 


• 


• 










I — 1 


1 — 1 


CN 


CN 






o 


o 


1— 1 


<y\ 


CN 


CN 




LO 


LO 


LO 


oo 


LO 


r- 


r- 




i — 1 


• 


r- 




CT\ 


00 


LO 






o 


• 


• 


• 


• 


• 








o 


rH 


1 — 1 


CN 


CN 






LO 


■ — 1 


CO 


LO 


r- 


0- 






CN 


oo 


00 


o 


• — i 


i — 1 






• 


00 




o 




r- 






o 


• 


• 


• 


• 


• 








o 


rH 


CN 


CN 


CN 








00 


O 


o 


i — I 


CN 






o 


LO 


i — 1 


oo 








i — 1 


• 


00 


LO 


o 










o 


• 


• 


• 


• 


• 








o 


i — 1 


CN 


CN 


CN 






0) — 
to to 
















to 0 
•H Xi 
















Node 

Absc 

(inc 













c* 




TABLE 10 



Values of the Degree of Constraint K, the 
Non-Dimensionalized Degree of Constraint K 

and the Specific Degree of Constraint K' 

Z 

for Different Values of R = — 

Lt 

(Constant Strain Elements) 



R “ L 


v/2 

(10” 2 in) 


K 

(10^ psi/in) 


K 


K 


K' 

(in' 1 ) 


0.2 


0.820 


4.878 


0.813 


1.268 


0.163 


0.4 


1.414 


2.829 


0.472 


0.823 


0.0943 


0.6 


1.840 


2.174 


0.362 


0.673 


0.07247 


0.8 


2.132 


1.876 


0.313 


0.617 


0.0625 


1.0 


^ . 261 


1.769 


0.295 


0.636 


0.Q590 
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Table 11 



Node Displacements in the Y-Direction (J 



Node Names 



f 


1 , 147 


9 


164 


16 


178 


24 1 


193 


26 


201 ! 




Node 

Abscisse 

(inches) 


0.0 


0.125 


0.25 


0.375 


0.50 


0.625 


0.75 


0.875 


1.00 


1.125 






0.489 


0.466 


0.457 


0.401 


0.344 














0.718 


0.697 


0.693 


0.653 


0.631 


0.582 


0.556 


0.502 


0.457 






0.896 


0.874 


0.869 


0.829 


0.807 


0.766 


0.754 


0.730 


0 . 738 


0.726 


C 


1.051 


1.028 


1.022 


0.980 


0.957 


0.916 


0.909 


0.894 


0.916 


0.923 
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1.174 


1.151 


1.144 


1.100 


1.076 


1.033 


1.028 


1.017 


1.047 


1.064 
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in) 



Linear Strain Elements 



r ■ 


Average 

Half 




| 32 
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39 
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47 


315 


49 


323 


55 | 
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62 
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1 0 . 645 
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0.6 
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0.903 


0.836 


0.765 










0.944 


0.8 




1.106 


1.112 


1.131 


1.116 


1.115 


1.076 


1.050 


0.990 


0.941 


0.852 


0.774 


1.070 
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TABLE 12 



Values of the Degree of Constraint K, 
Non-Dimensionalized Degree of Constraint K 
and the Specific Degree of Constraint K' 
(Linear Strain Elements) 




R - i 

R - L 


v/2 

(10“ 2 in) 


K 

(10^ psi/in) 


K 


K 

00 


0.2 


0.445 


8.989 


1.498 


1.268 


0.4 


0.620 


6.452 


1.075 


0.823 


0.6 


0.777 


5.148 


0.858 


0.673 


CO 

• 

o 


0.944 


4.237 


0.706 


0.617 


1.0 


1.070 


3.738 


0.623 


0.636 




the 

• K 

(E/L) 
= K/E 



K' 

(in -1 ) 

0.300 

0.215 

0.172 

0.141 

0.125 
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H-SLIT HOLE 



STEEL PLATE 



Dimension Characteristics: 
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L c U 1 .) i„ 



L. 



Length of Plate, L o =300 mm 
Width of Plate, W o =200 mm 
Plate Thickness, T=5 mm 



Slit Overall Length, L=140 mm 
Loading Length, LL = 120 mm 
H-Branch Width, D = 10 mm 
H-Branch Overall 



Height, 



H = 60 mm 



Mechanical Characteristics: 



Force Applied 



= 50 Kg/mm 
= 10 Kg/mm' 



Young's Modulus E = 21,100 Kg/mm' 



E 

LL 



21,10 0 lnc t, / 2 

- ■ ■ -^ 20 — = 175.83 Kg/mm -mm 
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TABLE 13 



Displacements in the Y-Direction 




mm) 



i 

Node Names Average 

Half 





20 


22 
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28 


36 


38 


42 


48 


57 


Displa- 

cement 


r- £ 
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? 2 
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2/3 



58 


™489 
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10.033 


9.543 
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>1 


13.059 


12.792 
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TABLE 13 



Node Displacements in the Y-Direction (10 



Node Names 



1 1 

1 1 


9 j 
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i 1 


12.061 

[ i 
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TABLE 14 



Values of the Degree of Constraint, the 
Non-Dimensionalized Degree of Constraint K = 



and the Specific Degree of Constraint K' = 
for Different Values of R = £/LL 



K 

(E/LL) 

K/E 



R - L_ 
R “ LL 


v/2 

(10 3 nun) 


K 

2 

(Kg/mm -mm) 


K 


K co 


! 

K' 

(mm 1) 


1/3 


5.762 


86.78 


0.493 


0.943 


4.164 x 10" 3 












-3 


1/2 


7.839 


63.78 


0.363 


0.731 


3.023 x 10 












-3 


2/3 


9.551 


. 52.35 


0.298 


0.649 


2.481 x 10 


5/6 


11.03 


45.83 


0.258 


0.615 


2.172 x 10 -3 












-3 
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12.36 


40.45 


0.230 


0.637 


1.917 x 10 J 



f.'JS 'H- 



57 




i 







58 



LEHIGH SPECIMEN 
(No Sawcut) 



Dimension Characteristics 



v 



V 



T I ' 

’.l T *C \‘.l 1 



O- • - 



I I 



m3 



-> ])- /< ,£'.r 



— LU >2 5.^. 

^ 5 0 W\ \ v\ . 



< ! - l C 

l u-p - v 

Length of Plate, L o =300 mm 
Width of Plate, W o =200 mm 
Plate Thickness, T=10 mm 



i Wt \ ^ \ 



Slit Overall Length , L=150mm 
Loading Length, LL = 125.2mm 
End Circle Diameter ,D=12 . 5mm 
Slit Width, W = 2mm 



Mechanical Characteristics : 

3 

Force Applied = 10 Kg/mm 

0 = 10 ^ Kg/mm^ 

y o 
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Young's Modulus E = 21,100 Kg/mm 
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TABLE 15 
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LEHIGH SPECIMEN 
(With Saw Cut) 



Dimension Characteristics: 




J. : ✓ - 'v'-v- 
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Saw cut width = lmm 

Saw cut spacement, s = 25 mm 

Saw cut length determined by x 



Other characteristics remain unchanged. 




= 60 mm 



TABLE 16 
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H-SLIT HOLE, ALUMINUM PLATE 



Dimension Characteristics: 
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L L ; 



a 





Length of Plate, L o =20" 
Width of Plate, W 0 =14" 
Plate Thickness ,T=0 . 5 " 



Slit Overall Length, L=14" 
Loading Length, LL = 12" 
H-Branch Width, D = 2" 
H-Branch Overall Height, H=8" 



Mechanical Characteristics : 

Force Applied = 5 x 10 3 lb/in 

4 

a = 10 psi 

y o 

Young's Modulus E = 10 x 10 6 psi 





# 



TABLE 17 



Result of the H-Slit, Aluminum Plate 



t - . 


Node Names 

> . 




1 
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13 


20 


24 


32 


36 


43 


47 


57 


66 


81 


Node 

Abscisse 

(inches) 


0.0 


0.4 


0.8 


1.2 


1.6 


2.0 


2.4 


2.8 


3.2 


3.6 


4.0 


4.4 


Node 

Displace- 
ment ? 

v/2 (10 in) 


7.34 


7.33 


7.31 


7.26 


7.21 


7.13 


7.05 


6.97 


6.88 


6.80 


6.72 


6 . 6£ 
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TABLE 17 

Result of the H-Slit, Aluminum Plate 



Node Names 



24 


32 


36 


43 


47 


57 


66 


81 


90 


102 


1.6 


2.0 


2.4 


2.8 


3.2 


3.6 


4.0 


4.4 


4.8 


5.0 


7.21 


7.13 


7.05 


6.97 


6.88 


6.80 


6.72 


6.66 


6.61 


6.58 



Average 

Half 

Displace- 

ment 

v/2 

(10 ^in) 



K 

(10^psi/in) 



7.005 



7.14 
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II. Discussion Of Results 
A. Interpretation of the Results 

The valid results for different joint configurations 
are assembled in Figure 9. 

As expected, the K value for a finite plate is smaller 
than that for an infinite plate. The effect of finiteness 
is also evidenced by the difference in the K value between 
the elliptic slit and the straight slit. In the first case 
if we refer to page 35 we see that the ratio between the 
plate length L 0 and the slit length L is : 

(£*■) = 1=3 

elliptic hole 2 

while the same ratio for the straight slit, page 44 is 

(^) = |00 _3_ <3 

L straight slit ^ ^ 

* 

Both plates have the same aspect ratio L 0 /W 0 =3/2. It can 
therefore be concluded that for straight slit weld config- 
uration, (there is not much difference between an ellipse 
with an axis ratio of a/b = 10 and a straight slit) , the 
value of K depends on the ratio between plate length L 0 and 
slit length L. K is larger for larger ratio L 0 /L and for 
straight slits having the same length, the degree of con- 
straint K is larger for the one with larger L 0 /L. This re- 
sult conforms to common sense. 
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In the case of a straight slit with circles at the ends, 
the diameter of the circle is larger than the slit width, the 
value of K is smaller than that for a straight slit without 
large-circled ends. And the lowest value of K is obtained 
for an H-slit, where the width of the H-branch is larger than 
that of the weld slit (D/W = 10/3 = 3.33). 



All these results seem to conform to common sense and 
could be considered as an indication of the correctness of 
the procedure. Theoretically, it cannot be otherwise since 
it can be proved that, in the finite element method, if the 
compatibility conditions are satisfied, the results will 
converge to the true solution as the gridwork becomes finer 
and finer. In the cases of constant strain element, the 
compatibility conditions are satisfied. 



A full verification of the method is made in the case of 



the Lehigh specimen (tables 15 and 16). In the case "without 
sawcut", the results are: 

Calculated = 48 ‘ 17 Kg/mm 2 -mn, K measured = 44 Kg/W-mm 
and the difference is ~ = 4 / / = 7.17%. In the case "with 

sawcut", they are: 

Calculated = 30 ' 69 Kg/mit. 2 -mm, K measured = 27 Kg/mm 2 -™, 

and the difference is ^ = 12.02%. 

K 30 . 6 y 



These values of K have been computed by taking the 

3 2 

Young's Modulus E = 21.1 x 10 Kg/mm , which is a little high. 
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If we take E 



19.9 x 10 ^ Kg/mm 2 , 



then we will obtain 



K 1 = ‘ y ~ x 19 • 9 = 45.3 Kg/mm 2 -mm 



for the plate without cut and 

K' = ^ * ~ x 19.9 = 28.9 Kg/mm 2 -mm , |or ih( pUle w/[& saw cut. 

With these values, the differences between the calculated and 
measured values of K become: 



A K 

1 _ 45.3-44 _ 1.3 

K 1 ‘ 45.3 45.3 



and 



AV 

2 _ 28.9-27 _ 1.9 

K 2 28.94 28.9 



6.70% 



With these differences, the values of K calculated seem 
to be acceptable if we think of the complicated boundary con- 
dition in the case of the plate with sawcut as described on 
page 60. 



B. Significance of the Results 



Coming back to Figure 9, it can be seen that the value 
K increases sharply for a value of x = &/L smaller than 
about 0.30. The degree of constraint K is related to the 
transverse stress a by a = K[v] 0 . From the empirical 

y o y o ^ 

Watanabe-Satoh relation, the transverse shrinkage is related 
to K by 



S 



t 




1 



0.87 



1+0.086 K 



68 



Along the weld line = v and for a long straight weld, 
[v] ^ - v since v is almost uniform, except near the ends, 
then, by substituting the expression of S^_ in the relation 
giving a , we have : 



a = S . _c x 

Yo tf 



K 



1+0.086 K 



0.87 ' 



where is the average reaction stress along the weld due 

to constraint. 



The value of a /S f as a function of K is plotted below 

y o 






K 
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0^ is an increasing function of K, and could be consi- 
dered as an indication of the residual stress level near the 
weld. 

Therefore, it can be said that if a straight slit in a 
large plate is to be welded, and if the weld is long enough 
so that more than one block is necessary, the residual stress 
would be lower if each weld is made symmetrically and if the 
ratio of the weld length Z to the slit length L is larger 
than about 1/3 . 

Also, the Watanabe-Satoh relation can present a problem 
of choice: if the transverse shrinkage is to be limited to 
small values, then high degree of constraint and consequently 
high level of residual stress will result. On the contrary, 
if the residual stress is to be small, then low degree of 
constraint is necessary (if the degree of constraint can be 
controlled) and high values of transverse shrinkage will 
result. 

On the other hand, welded structures are subjected to 

cracking. Mechanical factor is one of the main factors that 

promote cracking. The reason might be attributed to high 

residual stress associated with high degree of restraint. 

Therefore, it may be important to determine a critical value 

of the degree of restraint K necessary to produce cracking. 

c 

Experimentation is necessary and a series of tests, known as 
the Lehigh test specimen (reference 4, page 32) is proposed 
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to determine K . Basically , it consists of several plates 

c* 

with a straight weld made along a part of its longitudinal 
median line. If the plate is not cut, a high degree of con- 



C== — o 



straint can be achieved and cracking may occur. To decrease 
the degree of constraint of the weld, several sawcuts are 
made along the perimeter of the plate , and the degree of con- 
straint decreases as the length of the sawcut increases. 

Then there should be some value of the sawcut length for 
which cracking begins to disappear, the corresponding value 
of the degree of constraint is the critical value K c which 
can be considered as a material constraint for a given weld 
type . 

Thus vyLth the value of K determined, we can ^predict 

c 

whether a weld will crack or not due to its mechanical re- 
straint, since the value of K can be computed for a given 
weld configuration. One field of application could be in 
the patch weld, which consists of welding a circular disc 




Ma l» 
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in a flat plate- If the dimension of the hole is such that 
the disc dimension is small compared to the plate dimension 
and the weld can be made in one pass, then we have (reference: 
Mathematical Theory of Elasticity, by Sokolnikoff, Chapter 5): 



equal to the sum of the radial displacements of the disc and 
of the plate at the radial distance, r = R. 



In this formula, we find that the degree of constraint 

t 

in the case of a complete patch weld is inversely proportional 

to R. Therefore, there should be a critical value R of R 

c 

below which K > K and the weld will crack. 



However, this value of K: 

K = E_ 

K 2R 

is an upper limit, for it is exact only for an infinite plate. 
For a finite plate, the value of K will be small. The effect 
of relative dimension could be seen more clearly by examining 
the expression for the radial stress outside the disc, which is 




(for an infinite plate) 



a D is the uniform radial stress at the weld, 

K 



S is the radial shrinkage along the weld and is 
R 



Then : 



_" g R IE 

- S R. = 2 R 



c 



R 
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o 
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r 
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At infinite, a =0. If R/r = 1/10,. then a /a_. = 1/100. At 

JC JL I\ 

a distance equal to 10 times the radius of the disc, the 
radial stress is one hundredth of the stress at the weld. 
This value might be still important in some cases. 



If the disc is large so that the weld can only be made 
sector by sector, and if the weld is made symmetrically with 
respect to the disc center, then with an infinite plate, we 




have, for a weld sector of angular value 2a, as in the figure: 



a 



K (2a) = 



R 



[U R ] 



n_E 

2aR 



x 



2 - f (2a) 



2a 



where f (2a) is a convergent series (it converges as 1/n ) with 
f (II) = f(0) = 0, [u R ] 2a mean value of the radius dis- 



placement taken along the weld angular distance of 2a. 



The form of the expression suggests that for K(2a) to be 

smaller than a critical value K : 

c 



K (2a) < K 

c 

then for a given radius R, there is a value 2a c for which 

K (2a ) = K 
c c 

and for a < a , K>K . Thus, if a large circular disc is jto 

c c 
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be welded to a plate and the weld has to be made sector by 
sector, symmetrical around the origin, then there is a cri- 
tical value 2a c of the angular weld sector below which the 
weld might crack and above which the weld would not crack. 



III. The Problem Of Experimentation 

In the past, experiments have been conducted by actually 
welding the specimens and measuring the transverse shrinkage 
and the value of the degree of constraint. Little use has 
been made of the elastic assumption and of the resulting 
linear relations between stress and displacement. 



One inconvenience of the measurement of the strain due 
to welding is the high temperature at the weld, and strain 
gauges had to be put some distance away from the weld. On 
the other hand, because the weld line is not well defined 
after the weld is made, the displacements had to be measured 
also some distance away from the weld. Furthermore, in some 
cases, weld specimens are difficult to make, as the case of 
a small slit in a big plate, and consequently expensive. 



Taking into account the elastic assumption, it can be 
noted that for a given average transverse stress, a , at the 
weld line, the local displacement and hence the average dis- 
placement is inversely proportional to the Young's Modulus E. 
Therefore, the degree of constraint, defined as: 

a 

K = -**_ 

[v h 



is proportional to E, and the ratio of K and E, which has 
been defined as specific degree of constraint K': 




is independent of the material, provided that it is linear 
elastic . 

Consequently, there could be a simple method of experi- 
mentation in the measurement of the degree of constraint K by 
having specimens made of material that has a low modulus of 
elasticity E and by not actually performing the weld but by 
using some mechanical means to simulate the thermal stress. 

One such material could be plastic such as cast phenolic 
resins for mechanical and chemical purpose whose stress- 
strain curves are reproduced in Figure 10 (ref erence : "Tech- 
nical Data on Plastics',' by Manufacturing Chemists' Associa- 
tion, Inc., page 49) and which have a modulus of elasticity 

5 5 

in compression of 3 x 10 psi to 5 x 10 psi (ibidem, page 52) . 



To impose stress in the model, wedges can be driven into 
the slit. In this case, two similar prismatic wedges with 
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elongated rectangle triangle cross section made by cutting 
a prismatic wedge with rectangular cross section along the 
diagonal plane should be used so that the faces in contact 
with the slit edges remain parallel. The sample will be in 
compression to minimize the friction between the active faces 
of the wedges and the slit edges. Some lubricant, such as 
Teflon, graphite or oil could be used. 




The width of the wedge in contact with the plate repre- 
sents the weld length £. Several sets of wedges with dif- 
ferent widths are necessary to establish a curve giving the 
specific degree of constraint K' as a function of the ratio 
R between weld length £ and slit length L: R = £/L for each 
weld configuration. 

To measure the stress, sensible strain gauges can be 
used along the edges of the slit on both sides. To measure 
the transverse displacement along the slit, visible marks 
are made along the edges of the slit and their displacements 
can be measured by a microscope, or a comparator. After 
measurement of local stresses and displacements along the 
load length £ , their averages will be computed and the spe- 
cific degree of constraint K' obtained by : 
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K , _ l |(l yJt 
[vl «. 

For the verification of the Watanabe-Satoh curve, there 
is, however, unfortunately no simple way and full-size experi- 
ments have to be performed. Given a specimen, we can first 
compute its degree of constraint and deduce its transverse 
shrinkage using the Watanabe-Satoh curve. Then actual wel- 
ding is performed and experimental data obtained are com- 
pared with computing results. 

If the Watanabe-Satoh relation is correct, then the 
knowledge of the value of K is most important in the trans- 
verse shrinkage control since these laboratory results seem 
to be applicable to actual structures as has been mentioned 
in reference 3. In these situations, if the degree of con- 
straint can be computed, then the transverse shrinkage can 
be determined and hence the level of residual stress is also 
known which will enable one to predict whether weld cracking 
due to mechanical constraint could happen and subsequently 
to take necessary corrective steps if possible. 



i 



CONCLUSION 



The finite element method, with constant strain ele- 
ments, seems to give consistent results. A qualitative 
verification of its validity remains somehow in the fact 
that the results conform to common sense. Two quantitative 
verifications have been made and the results can be consi- 
dered to be acceptable, in the case of the Lehigh specimens. 

Taking into account the elastic assumption, and the 
resulting proportionality between the degree of constraint 
K and the modulus of elasticity E, a method of experimen- 
tation that enables the determination of K experimentally 
has been proposed. 

The determination of the transverse shrinkage due to 
butt weld of a plate structure can be made, if the degree 
of constraint is known, by using the Watanabe-Satoh corre- 
lation betv.’^en relative transverse shrinkage s t /S t - f and de- 
gree of constraint K. 

The Watanabe— Satoh correlation has been obtained empiri- 
cally through experiments performed in three different spe- 
cimens: the straight slit, the H-slit and the circular ring. 
Some further experiments on various slit types would be 
desirable. 

If the numerical method proves to be good and the 
Watanabe-Satoh correlation to be valid, then shrinkage dis— 
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tortion control is possible. In this case, there are two 
alternatives, deduced from the Watanabe-Satoh curve: either 
to accept a high degree of constraint and hence a high level 
of residual stress and a low value of transverse shrinkage 
or a low value of the degree of constraint and hence a low 
level of residual stress and a high value of transverse 
shrinkage . 

On the other hand, welded structures are subjected to 
cracking. External constraint could be one major mechanical 
factor contributing to weld cracking. For each material and 
weld type, there could be a critical degree of constraint, K , 
above which weld cracking may occur and below which it may 
not. The Lehigh test specimens are used for this purpose. 

Once the critical value K c is determined, it will be possible 
to know in advance whether a weld is crack-susceptible and 
therefore to decide on its feasibility or corrections if 
necessary and possible. One example of application can be 

p 

found in patch welding. 

In both cases, distortion control or weld cracking sus- 
ceptibility verification, it is essential to compute the 
value of the degree of constraint K of the weld. 
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i'he following presents : 

1- Plate division , the numbers are the names of the nodes, 

2- Input data from page 3 to page 12. 

3- Output data pp 1 3 -30. 
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1 . 


.55 
















• 

1 1 
1 
1 
1 


51 


1 . 


. 8 










1 








52 


1 . 


1 . 1 


















5 3 


1 . 


1 . 5 


















5 4 


1 . 


2 . 














'/ 



I 




4 



t* 










c% 



66 1.1 S 



s 6 1.1 .1 



f 1.1 .2 



5 B 1.25 .0 S 

59 1.25 .2 



60 1.26 .35 



61 1.25 .65 



62 1.25 .6 



63 1.25 1.1 



66 1.25 1.5 

65 1.25 2 . 

66 1.65 »C S 

67 1.65 .2 

68 1.65 .35 

69 1.65 .55 



C% 



7 C 1.65 .8 
71 1.65 1.1 



72 1.65 1.5 



73 1.65 2. 
76 1.7 .0 S 
75 1.7 .2 



76 1.7 .35 

77 1.7 .55 



78 1.7 .« 



75 1.7 1.1 



80 1.7 1.5 



81 1.7 2 . 



« 2 2 . .0 S 



8 3 2 . .2 

8 6 2 . . 35 



0 c 3 2 . .56 

86 2 . .8 

87 2 . 1 .1 



/ 



H 8 2 . 1 . 5 



6 



89 2 • 2. 



90 2 . 4 .0 S 



91 2.4 .2 



92 2.4 . 1 5 



93 2.4 .55 



94 2.4 .8 



9 5 2.4 1 . i 



96 2 . ^ 1.5 



97 2.4 2 . 



98 3 . .0 S 



99 3 . .2 



ICO 3. .35 



101 3. .55 



1 C 2 3 . .8 



103 3 . 1.1 



1 C 4 3 . 1.5 








10 5 3 . 2 . 








ELEMENT 1NCICENCES 








1 1 1C 2 








2 1 9 10 

— — — w 


3 9 11 10 








4 11 19 10 








5 11 18 19 


6 18 20 19 








7 20 28 19 








8 20 27 28 


9 27 29 28 








10 29 37 28 






_ 



11 25 36 37 




13 38 46 37 



14 38 45 46 



lb 6 5 6 0 6 6 



7 



V* 



% 





16 


6 5 


6 / 


6 8 
















1 7 


6 6 


6 9 


5 ( 






* 










1 8 


68 


5 6 


57 














♦ 


1 9 


6 0 


6 7 


56 
















2 C 


6 7 


55 


56 
















21 


2 


1C 


3 
















22 


10 


12 


3 
















23 


10 


19 


12 
















2 6 


19 


2 1 


1 2 
















25 


19 


28 


2 l 
















26 


28 


3 0 


2 1 
















27 


2 8 


37 


3 C 
















28 


37 


39 


30 
















29 


37 


66 


3 5 
















30 


6 6 


69 


39 
















31 


6 6 


57 


66 














\ 


32 


5 7 


6 C 


69 
















33 


5 7 


59 


6 C 
















36 


i 

i ^ 


56 


U1 | 
v£> 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 
















35 


5 6 


58 


59 








» 








36 


56 


55 


58 
















37 


3 


12 


13 6 
















38 


l 3 


12 


1 

1 

1 

l 

1 

l 

l 

l 

l 

1 

1 

1 

1 rv -' 
1 00 

•— i 

I ^ 
















39 


22 


2 1 


30 31 
















6 C 


3 1 


30 


1 

U) | 
vC | 

° 

1 

1 

1 

i 

1 

1 

l 

1 

l 

1 

1 

1 
















6 1 


60 


39 


l 

i 

sD | 
\J1 | 

O 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 
















62 


50 


69 


6 C 6 1 
















63 


6 1 


60 


1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

O' 

o 

1 OJ 

1 o 
1 














1 


66 


60 


55 


1 

O 1 
-J 1 

o 

cc 

! 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 
















6 5 


59 


58 


6 6 6 7 
















6 6 


5 


1 

1 

1 

l 

l 

l 

1 

l 

l 

1 

1 

1 

1 

1 

1 c 
i * — 1 
1 

1 m 

1 

i 
















6 7 


16 


1 3 


22 23 















f. 




'»ii n ;? 3 1 



8 



c% 





v> 


4 2 


3 1 


4 0 


4 1 
















6 G 


'+ 1 


4 0 


50 


51 
















61 


6 1 


6 C 


6 1 


62 














4 


52 


6 2 


6 1 


69 


70 














I- 


53 


7 C 


6 9 


7 7 


78 
















56 


6 9 


68 


7 6 


7 7 
















5 5 


6 8 


67 


75 


7 6 
















56 


6 7 


6 6 


7 4 


75 
















67 


6 


5 14 


1 5 


















50 


15 


1 4 


23 


2 4 
















5 9 


2 6 


23 


3 2 


33 
















6 0 


33 


32 


4 1 


42 
















61 


42 


4 1 


5 1 


52 
















62 


52 


5 1 


62 


6 3 
















63 


63 


62 


7C 


71 
















6 6 


7 1 


7 C 


78 


79 
















65 


7 9 


78 


8 6 


87 
















66 


78 


7 7 


85 


86 
















67 


7 7 


76 


84 


85 
















68 


76 


7 5 


83 

t 


8 4 
















69 


7 5 


74 


t 

82 


83 








t 








70 


7 


6 15 


1 6 


















7 1 


16 


15 


2 4 


25 
















72 


2 5 


24 


33 


34 
















73 


36 


3 3 


42 


4 3 
















76 


43 


42 


52 


53 
















75 


53 


52 


63 


64 
















76 


64 


63 


71 


72 
















77 


72 


71 


7 9 


80 















7 8 8 C 79 0 7 8 0 
79 88 87 95 56 
8 C 8 7 06 9 6 9 5 



e* 



8 1 8 6 8 5 8 3 9 A 

82 88 PA 92 93 
8 3 8 A 8 3 9 1 92 







« A 8 3 


8 2 


9 C 9 1 












8 5 8 7 


1 6 


l 7 








> 




8 6 i 7 


16 


2 5 26 












87 26 


25 


3 A 3 5 












8 8 3 5 


3 A 


A 3 AA 












8 9 A A 


A 3 


5 3 5 A 












9 C 5 A 


53 


6 4 6 5 












9 1 65 


6 4 


7 2 7 3 












92 7 3 


72 


80 8 1 












9 3 8 1 


8 C 


8 8 89 












9A 89 


88 


9 6 97 












9 5 9 7 


96 


1 

1 

1 

1 

1 

1 

1 

l 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

l 

1 

1 

1 

1 ° 

1 * — ^ 

!s 

i 












96 96 


95 


103 1C A 












9 7 9 5 


9 A 


o 

r\j 

o 1 

oJ 1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 








i 




98 9 A 


93 


1C1 102 








f 




9 9 9 3 


92 


ICC 1C1 












IOC 92 


91 


99 100 












10 19 1 


90 


98 99 












ELEMENT PROPERTIES 


9 










1 TO 3 


6 TYPE ' C S 7 G 1 THICKNESS .2 












37 TO 


1C 1 


TYPE * P SR ' THICKNESS .2 












CONSTANTS 










‘ 




E 30 0 C 0 . 


ALL 












PCISSCN . 


3 ALL • 












J 0 I N T 


RELEASES 












1 TO 6 


FORCE Y 












A 7 5 5 


58 


66 7 A 82 9C. 98 FORCE X 








1 




LOADING ' 


ONE 1 ’ R=0.1‘ 












JOINT 


LOADS 









(%■ 



1 FORCE Y -1C 



1 



V f ' U is v. L T — l ' 



IQ) 



LOAD I KG 'TWO' ’ R-0.2 ' 



J C 1 M T LOADS 



1 FORCE V -1C 



* 



9 FORCE Y - 20 . 
11 FORCE Y -1C. 



LOADING 'THREE' ' R=0.3* 



JOINT LOADS 



1 FORCE Y -1C 



9 FORCE Y -20 



11 FGRCE Y -2C 



18 FORCE Y -10. 



LOADING 'FOUR' 'R=0.4» 



JOINT LOADS 



1 FORCE Y -10. 



9 FORCE Y — 2 C . 



1 1 FORCE Y -20 . 



Cl- 



io FORCE Y -20 . 



20 FORCE Y -10. 



LOADING 'FIVE' 'R=0.5» 



JOINT LOADS 



1 FORCE Y -1C. 



9 FORCE Y -20. 



11 FORCE Y -20 



18 FORCE Y -20. 



20 FORCE Y -20. 



27 FORCE Y -1C. 



LOADING 'SIX' 1 R ' 0 . 6 ' 

_ 1 NlRJJJ— iXRN LfYG. _7_._8_ - _ C CMJiA&EL N'GL _aiM_PJL£.I £ LY_ _RiUX£ £ £ £a. 
X s * * * SYMBOLS INI CGMMANO INPUT NOT YET PROCESSED FOLLOW 
6 .' 

I 0 1 NT I, PADS 



'■'/ »'* V; H 1 / J. V-* >' ■ *'/ V*- v# 

f 1C •V-i' ^ ' 'i* 



_L_FX1<C£_Y._-L£^ 



_a__FXi<C£_Y_-2£L. 



11 F P R C F Y —20. 



l a. .P-QKCE-Y. -?.c 



?JL JrXRC E. _Y _-2C- - — - 

?..!_£ DACE- Y . -2SL+ 1 

2JL Jf -0 ji £ £ _Y_ _-_LCU • 

O UlAJJ-NC-L S-LV a 12 _ £ & 1 C . 7 •_ 

**** INPUT WARNING 7.6 - tC«VAM) NCI COMPLETELY PROCESSED. 

**»* sy.yroi s in gcrmanc n . pur n ft y f t p R nC£_SS£D — £.c l l cu 

# # >Jc # 7 ■ >!- # * V * ; 4 : * * :J: v 



JOIN! LOADS 



l FORCE Y -10. 



9 FORCE Y -20. 



11 FCFCE Y -20. 



18 FORCE Y -2 C . 



20 FORCE Y -20. 



27 FORCE Y -20. 



29 FORCE Y -20. 



36 FORCE Y -10. 



LOADING ‘EIGHT* »R=C.8‘ 



{ % JOINT LOACS 





1 


FORCE 


• 

0 

1 

> 










9 


FORCE Y 


-20 . 










1 1 


FORCE 


*< | 
A I 

O 1 

• 

1 

1 

1 

1 

1 




* 


• 




10 


FORCE 


Y - 20 . 


' 




V > 




20 


FORCE 


Y -20. 










27 


FORCE 


Y -20 . 




• 






29 


FORCE 


Y -20. 










36 


FORCE 


Y -20. 










3 8 


FORCE 


Y -10. 









LOADING 'NINE' ' R=0 . 9 ’ 



JOINT LOACS 



1 FORCE Y -10. 



9 FORCE Y -20. 



11 FORCE Y -20 . 



18 FORCE Y -20 



i 



« 




20 FORCE V -20 



1 2 



2 7 EC ECU Y -2 0 



29 E 0 R C If Y -2 0 



*• 6 F 0 P C f- Y -20. 



28 F ( ) 8 C h Y -2 0. 



cv 



A 9 P 0 8 C E Y -10. 



STIFFNESS ANALYSIS 



LIST DISPLACEMENTS STRESSES ALL 



(t. 




t 




13 



L CADI \| G - 1 1 N 1‘ 



K = C . I 



RESULTAN! JOIN! 0 I SPL ACLMF MT S - SUPPORTS 



JOINT 



0 1 SPL ACEMENT- 



X 01 SP . 



Y l) 1 SP . 



L D I S P 



I 

X 



1 

_ 4 _. 



5 



. _ 6 _. 

7 

_ B — 



C . 0 
-L..0- 



0.0 

-g.xl. 

o.o 

-GXX 

0.0 

XX-O- 



-0 . 0 L 902 14 
XLX1XXL7-6- 
-0.01416/7 
•-G.OL L9XX3- 
-0. 0102618 
rx^aaaaxax-. 

-0.0082253 
-0-.XQ7 6 143 



47 

5.5 


0 .CC383C3 

0,0038480 


O.G 

£)_Q 


5 8 


0 .0030394 


0.0 


hh 


C-.XX-26 377 


X-0 


7 4 


0.0024385 


0.0 


XX 


C-.CX2 2 5C? 


cxx 



90 

-J9B- 



G .0020848 
JXXXUXXXX 



0.0 

■ X.X- 



(•- 



XES IJLT AN T JC-liU— 0 1 SP L AC LX1T-X X S - FREE J C1XIX 

-J-C4 A! J- 3 P-L-ACBBENI ---- 






— X--W-SJL 



■ Y_ D-LS-P-. 7- 111 3 P- 



_9_ 



r.nni so 98 



_ -0- . Q-L/X6 1 9- 



10 * 0.00CC280 -0.0151561 

-11 .C-.XIQ2-1B 23 -X.. GL3XX6X- 

12 -0.0002631 -0.0123138 

.4,3 - O.XXX33 2 a -X . 0 LI CH 7-7- 

14 -0 .0003915 -0.0098125 

-LX -X-. Xa 4C.2 4 7 7 -0. C OO / 1R 1 



G0C3 75 1 
-C-CL0-Z3JJ3- 



-0 .0080443 
--XL.XX 7 4 7XL 



16 -C 

-1-7 =0. 

18 0.002704 1 -0. Cl 08832 

--1-9 C *£-0-11X7X6 -X, X 1 C 1X12- 

20 C .002971 5 -C. 0093250 

-XI 0X10X3 X8 3 - 0X10-9-3 .6 9 3 



22 -0.00C4191 - 0 • 0 0 9 1 7 C 9 

- XX _ = C *-Q0XX-926 -£_* X G 8 6 3 1 X 

24 -0 . COO 606 5 -0.0080450 

-XX =C *-GXX_7XjSX -X .XQZ5XL4_ 

26 -C. 00 141 34 -0.0070616 

-X_Z C^XX. 31-9X5 -0.0079ft T4 



28 0.0018250 -0.0080113 

- X_9 Q .00X15X5 -XL.X 06 7 1A2_ 

30 O.OOC/908 -0.0068866 

. XU -1 1 =L . 00014 65 -11. C G 7 LZLH 

32 -0. 0005 /22 -0 . CO 70 73 8 

T3 -0.00(7246 -0.0069620 



4 





(i 



3 4 


-( .00096? 3 


-C. 006 ! 4 5 8 


15. _ 


.. -L.C01 ) ( 5to 


. - -0. 0064283 


36 


L .00 3 50 1 / 


-0. 005496 3 


. ... 3 7. 


. . L. 0020054 


-0 .06 5 5502 


3 8 


0 .60 3 5692 


-C.C04 1 1/S 


3 9 . . _ 


( .HI o h i <) . . 


-X.. 0.0.4-53-53. 


40 


C . C 0 C 5]63 


-C.oc 50 1 6 3 


5.1 


=0.-00 C 3.60 9 


-0 .00 546 7 7 


4 2 


-C .C0C7 03 1 


-0.005/3 4 9 


_ ._ 43 


_ -0.-00.1120.4 - 


-0.00 5-7-9 79 


| 4 4 


-G. 002 3928 


-0 .00 563 79 


4.5 


L .00.3 5 .54 .5 


=0*002-6-37-4- 



1 4 



4 6 
-4.8- 
4 9 



C .002 1234 



-0 .00 291 1 3 



_0 .-0.(12-93 55 --0-.QG-L1 1-55 



C .00 1 4 23 4 



.53 3.03362 88. 



-0.002536? 
^O- 00-13230- 





5 1 

9? 


-0 .00C0539 
-0 ,00097.96 


-C.C0402 3 1 
-0.0045227 








53 


-0.00 12092 


-C. 00478*55' 










-C .002 66 69 


-n , no 4 764 9 








5 6 


0.0030173 


-0.0CC4701 








9 7 


0.002437? 


-2.. QC IjQ-3-33- 








59 


C .002 5131 


-C .0005948 








A l 


.... n , oo 190.8.6 


- n , r n 1 1?79 








6 1 


0. CC1 1 C81 


-0.00 18736 








/S ? 


0 . 0 0 0-3 4 8 1 


-9,6629987 








6 3 


-C.C0C3568 


-0 .0031 826 








64 


-0*00X2-1-82 - 


-2*003-56.1-0 








65 


-0 . 002 7892 


-0.0036554 








6 7 


- - r r n o ? a ^ /s u 


-0 .006 364 2 . . 








68 


C. 002026 7 


-0.0006984 








30 


0*00X3010 


. - -a^acLLaaio 








70 


0 .0006 187 


-0.0017707 








7-1 - 


-a.-CLOO-lJ4.4- 


-0 -. 002-2 9-33- 








72 


-G .00 1 17 75 


-C. 0026771 






| 


7 3 


-C .00?7 7 


-0,0029217 






r 


75 


G .0022961 


-0.00021 18 






— 


3-6 


_a.-0X)-2X)2 9 2 


- - -0* GO C 3 94-1 








77 


G .00 1 5394 


-0.00067 7? 






. 


JO 


CU-O-OX-846 a 


- -C.OOLO-47J 








7 9 


C.00G01 17 


-0.0014291 








an 


-r. , on i loo? 


-0.001796? 








8 1 


-C. CO 26 6 20 


. -0.0018899 


t 






33 


0*0021-534 


-Q *0-00-0323 








84 


0.0019636 


-C. 00 01 62 8 








- 9 9 


o.on] 9846 


-0*0002-8-33- 








86 


0.CCC9731 


-C. 0004 553 








a 7 .... . 


0.0001551 


- 6 , 6 6 6 6 9 1 7 








88 


-C .00 10063 


-C. 000831 1 








. _ . 8 9 


-n . m? 4 K 94 


- 0 . 0 0 C 9 4 6 5 








91 


0 .00201 C5 


0.CC00492 






. 


_92 


0 .£0X3603 


jO-.ooa.aaLO- 








93 


0 .00154 78 


0.000 1 127 








9 4 . ___ 


. n, on io i 77 


6 f 0 6 6 1 3 3 6 








95 


0.0002293 


0.0001383 








9 6 


-0 . 0 00 9? 0 6 


0*0001313 








97 


-C . 0023082 


0.00C1G53 


• 




. 


2L9 


C.-C01J-826 


O-.0Q02L5.6_ . 








IOC 


C. 00 16 54 1 


0.0005443 








_ - in i ... 


0.0013824 


0 , 696 8 2 37 






| 


102 


C .0009046 


0.00 1 1 1 72 








LQ-3 


6 .0001 891 


0.00 L3 7 36_ 








104 


-0 .0009012 


C. 001 5529 







. -L05 = Q . CO 22236 3 . 0 0 1 6 03 5 - _ . 



4 



< 



♦ 



LOAD 1 NO 



TWC 



P = 0 . 2 



15 



RhSULTAM JOINT C 1 SPLACRMf. NT S - SUPPORTS 



JOINT 



■l) I SPL ACL MEN r 



x o i sp . 



Y IJ1SP. 



I DISP. 



1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

■V <— 1 

1 
1 

1 

i 

i 

f 

i 

i 


0 .0 

r . o 


-0.C 3 31 7 51 
-0,03030X7 


3 


C. C 


-0 .02 1223 ?. 


4 


0.0 


_ -3. 02303*61 


5 


0 .0 


-0.0202401 


.6 . - - 


C.O 


-3- 0 1 7-9334 


7 


0 .0 


-0.0 1630 4 8 


; b 


0-3 


-030 133033 



47 

.- 53 —. 

SB 

. JiA _ 
7 4 

— 102 — 



C . CO 764 29 
_C .30X63 4 5. 
C .0060 549 
X-.33-534S7. 
C .00 48511 
L.C04 4 3-54- 



9 0 
. 93 . 



0.0041464 

-C.333-63JLZ 



0.0 
. - 0 -. Q 
C.O 

o-c. 

C.O 

-Q..3- 



0.0 

.o-a. 



Pfc S ULTAN.T ICXlY-T- 0 .1 SP.L AC II P N T S - F R F fr - JOI N T S . 



-JIM. NX S XLA3X3331 =z^--z.-^-^==-r^.-z.---J 



X-1XJ-SP— V_ai-3P- 



3-0430 



Q 


r,rn?-573p 


-0.0313961 








1 10 


0.00C56 12 


-0.0293653 








33 


_C .03X0892 7 


-0x02-7 7331 








12 


-0 .0002953 


-0.0242959 








- . 13 


-C ,000 4745 


-0-0 2 13-5-13 








14 


-C.0CC7338 


-C.O 19392 7 








1 5 


-r.ro 0,9 74 3 


-0,0174247 








1 6 


-0 .0007392 


-0.0159489 








32 


-n , nn ] 49 A7 


— 0 — Q. 1 4-8-203 






* 


1 8 


0 .0 0 52 84 9 


-0.0223224 








IS 


0-0024-537 . 


. -0-02 2 3X33 . 








20 


0.0059202 


-0. 0190C95 








_ _2 1 


. 0*0005914 


- 0 * 0 1 H 9 3 9 7 








22 


- C .0007633 


-0.0 18291 6 








33 


-C 3301 3433 . 


. -3.01 7. 13X9- 








24 


-0.001 1820 


-0 .0 1 5 9 5 6 C 








33 


— C .-0013-94-0 . 


-3.0149 3X3 








26 


-0.0027953 


-0 .Cl 401 C9 








7 7 


0 , 0 0 0 3 9 0 7 


-0,0161493 








2 0 


C .0035657 


-0.0161888 








79 


f , 0 06 72 0 7 


-0-01 3.57 51_ 








3 0 


C .00 1 51 39 


-0.0 1 38461 








3 1 


.. . -0*00 03100 


-0.0140 7 46 








.3 2 


-0.0011171 


-C. 0 1 40949 








^ 3 


-0*0014223 


-0,01 7 8 7 3 6 




l 




t 3 4 


-C.C019C16 


-0.0 1 3 3921 








" 33_ 


-0 .00 390 9 3 


-Q.31Z7-6CL5_ 








3 6 


0. 0069991 


-0 .0 1104 39 








:x7_ _ 


G . CO 4-1433- 


- -0.31 114 VI 








3 0 


0.00712 / 6 
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APPENDIX 1 B 

Elliptic slit , 'CSTG 1 , fine gridwork . 

The following presents : 

1- Plate division, the numbers are node names , page 32. 

2- Input data , pp 33 - 48 . 

3- Output data , pp 49 - 75 • 
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APPENDIX 2 

Elliptic slit , ’LSI 1 type „ 

The following presents : 

1- Plate division , the numbers are node names , page 77 o 

2- Input data , pp 78 - 97 . 

3 -Output data , pp 98 - 121 
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Straight slit , 1 C S TG 1 type . 
ihe following presents • 

1- Plate division , numbers are element names and node names „pa.ge 123 

2- Input data , pp 1 24 - 131 . 

3- Output data , pp 1 32 - 139 . 
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Straight slit with circled ends , ’ C S TG 1 type . 

The following presents J 

1- Plate division , the numbers are node names , page 141 . 

2- Input data , pp 1 42 - 152 . 

3- Output data , pp 1 53 - 163 • 
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-0.008306 7 
lO._C_C79606 
•0 .00 7669 1 
-0.0070761 



18 


-0.0000697 


-0.00665 C3 


1 9 


-O.OOni 827 


-0.0059258 


20 


-0.0002065 


-0.0056892 


21 


-0.0002963 


-0.0055396 


22 


-0.00C379O 


-0.0053668 


23 


-0.0005535 


-0.0052567 



26 


0 .DO 12766 


-0.0065065 


25 


0.0007213 


-0.0065601 


26 


0.0016718 


-C .0C5830 8 


27 


0.0005111 


-0.005886 1 


28 


-0.0001555 


-0.0056535 


29 


-0 . O r, 0 38 5 2 


-0.9052699 



30 


-0. 900 7266 


- n . 005^276 


31 


-0.001Q696 


-0 . C 0 6 3 7 3 6 


32 


0.0016362 


-0.0052131 


33 


0.0011 581 


-r . CO 526 3 5 


39 


0.001 7696 


-0. 0066606 


60 


0.000869 1 


-0 . 0 0 6 7 3 2 2 



61 
62 
6 3 
66 
6 5 
66 



0.0002667 
•0_. 000 36 52 
■0.0006992 

-0_.C00_7.5_9A 
•0.00 ioi 36 
•0.00 16693 



•0.00 6 79 56 
lQ.Pi 1 6 6 97- 6 
■C .0066137 

lC.. 00 6.5 66 3 

•0.0066638 

-0.0063937 



< 



O 



(♦ 






4 7 
4 8 


0.90] 8968 
0.90 1 *,4 


— 0.0041231 .,(34 

— f . r 0 4 15 5 5 __ _ 




A 9 


0.00 200 3 9 


-0.0035730 


1 


50 

51 


0. 10 10720 ... 
-0.0000375 


-C ._0.'99.63RC _ __ 

-0.0037827 




52 


-0 .00 0 5760 


-0.00 7 R 59 7 




53 


-0.00 12293 


-0. r 038132 


} 


54 


-0.0017601 


-0.0037361 




55 


0 .0020906 


-0.0030127 


1 


56 


0.0016213 


-0.00 3Q352 




62 


0.0021477 


-9.0024 177 




63 


0.0016731 


-0 .00 243 5 5 




64 


0 .00 1 1 764 


-0.0024674 


; 


65 


0.0005213 


-0 . oc 260 32 


66 


-0.0002759 


-0.0029503 


8 


67 


-0.0005766 


-C . 09 30299 




63 


-0.0009712 


-0.00 30 87 2 


9 


69 


-0.00 1 3669 


-0.0030747 




70 


-0.0019528 


-0.0030519 


o 


71 


0.00] 8989 


-0. 002 300 7 




72 


0.0017520 


-0. 0070467 


1 


73 


0.0014234 


“0.00?O89° 




74 


0.001 6656 


-0.0016660 


? 


75 


0.001195? 


-C. 00 17458 




76 


0.0008661 


-0.0018929 


3 


77 


0.0016692 


-0.0011 422 


78 


0.0013886 


-0.0012858 


4 


79 


0.0016642 


-0.0004526 




81 


0.0015838 


- 0 ♦ 0 C b 6 7 1 7 


S . _ 


82 


0.0012462 


-0.0910315 




83 


0.0007027 


-0.0015287 


6 


84 


0.0002286 


-0.0018316 




85 


-0.0005444 


-0.0022636 


7 


86 


-0.0014379 


-0.0023653 


% 

R . - 


87 


-0.0020281 


-0 . 00 23572 


83 


0.0016225 


-0.0003506 




89 


0.0010666 


-0.0009416 


9 


96 


0.001 3840 


-0.0004082 




97 


0.0008943 


-0.0008238 


0 


^3 


-0 .0000371 


-0.0014264 




99 


-0.0004874 


-0.001.55 85 


1 


100 


-0.0009653 


-0.0016495 




101 


-0.0014567 


-0.0016039 


7 


102 


-0.0020403 


-0.0016910 




103 


0.00 14261 


-0. COO 20 10 


3 


105 


0.0005453 


— 0 .0006334 




1 06 


-0.0004208 


-0.00097 1 1 


4 


107 


-0. 00 14433 


-0.001000° 




108 


-0.9020 C 34 


-0 .00 5 0996 


5 


115 


0.0013505 


-0.0900758 




117 


0.C010433 


-0.0001484 


6 


118 


0.0001464 


-C. 000 38 26 




119 


-0.0003745 


-0.0 004566 


7 


120 


-0.0008877 


-9.0005075 




121 


-0.0014202 


-0.0905336 


8 


122 


-0.0019571 


-0.0005439 




123 


0.0013325 


t. 0000399 


9 


125 


0.0006534 


0.0000472 




126 


-0.000331 1 


-0 • COO OOP 5 


* 


127 


- 0 . 00 13957 


-0.0090317 1 





128 


-0.0019226 


-0.0000395 


■ 1 


130 


0.00 12543 


0.0001340 




132 


0.0010208 


0. 0002653 


1? 


1 33 


C. 000 1835 


9.900406? 




134 


-0.0008477 


0.0004573 




135 


-0.00 190.3 5 


9.0004661 



o 





137 


0.001218/ 


0.0002641 


1 39 


0.0009476 


0.90049] 3 


140 


0 . C'OQ 6054 


C . 0 C 9 6 6 9 1 


141 


-0. )00 3281 


0. 0008972 


L 42 


-0. CO 1380 5 


0.0009662 


143 


-0 .00 i 8995 


0 . 000 q 7 u 2 



1 53 . 






LOADING - TWO X=0.40 



RFSULTANT JC1NT DISPLACEMENTS - SUPPORTS 



JOINT / DISPLACEMENT / 

x _ d i Tp". y~ nl s F 7 z"o isT. _ 



¥ 



o . 



i 



? 



3 _ 



4 



5 



6 . 



1 

2 

3 

4 

5 

_6 

7 

8 

80 

95 

114 

129 

136 



0.0 

0_.0 

0.0 

0_.0 

0.0 

O.o 

O.o 

0 _. 0 

0.0034995 
0 •P03 322_2 
0.0025303 
0.0026812 
0.0024917 



-0.0151012 
-0._0_146 94 7 
-C .014 3387 

- p. *_0J_3 3 4 J_ 5 
-0.0127092 
- 0 . 01 136 ^9 
-0.0107165 

- 0_*_0_ip _3 5 4 3 

0.0 

_C._0 

0.0 

0.0 

0.0 



RESULTANT JOINT DISPLACEMENTS - FREE JOINTS 



8 







IflT M T 




r> r c D 1 6 r* r m r fV T ... 










J U l IN 1 


/ 


v 1 orLALtrltlN 1 






9 






X DISP. 


V DISP. 


Z DISP. 




0 




9 


0.0007839 


-0.0148300 






1 _ 




10 , 


0.0005129 


-0.01452°3 










16 


0.0014993 


-C.C143104 






2 




17 


0.0005640 


-0.0135479 










18 


0.000071 1 


-0.012820? 






3 




19 


-0.0003118 


-0.0114891 










20 


-0 .0003825 


-0.0 1 10490 






4 




21 


-0.0005600 


-0.010771 1 










22 


-0.9007291 


-0.0104380 






5 




2 3 


-0.0010632 


-C. 0102396 










24 


0.002 1 774 


-0.0134848 






6 




25 


0.0013916 


-C .01318 50 










26 


0.0026910 


-0.0121029 






7 




2 7 


0 . 00 ] opr i 


-0.0117723 










2 8 


-0.0002298 


-0 .0110299 






8 




29 


-0.0 0O7277 


-0.0102682 










3 0 


-0.0014003 


-0.009 8 C04 






9 




31 


-C. 0020206 


-0.0095018 










3? 


0.0031542 


-C.C10G014 










33 


0.0021583 


• -0 . 0 1 96590 






W 




39 


0.0034535 


-0.0094169 






i 




40 


C. 0016498 


-0.0095367 




- 






41 • 


0.0005042 


"0.0095675 






2 




42 


-0.C00641 3 


-0. 009 2.9 1 0 










43 


-0.0009539 


-0 . 000027? 




"?* 






44 


-0.0014622 


-0. 0009? 40 





o 



I 



(• 





4 5 


-0.001 9690 


-0.008 7 2 5C 


1 56 


1 


A ^ 


-0.0028369 


-C. P°8 5 ‘<7 C 






4 7 


0.0037241 


-9 . 0082844 






4 8 


0.0027935 


-0.00 834 7 7 






A 9 


0.0039416 


-0.0071571 




1 


50 


0. 002 056 8 


- n .r J 7?8 38 






51 


-0.300 0 8 l 1 


- 0 . 0 7 ^ 1 8 P 




4 


52 


-0.0011113 


-0 .CO 7 5 843 






53 


-0.0023843 


-0 • 00 7 4 7 52 




• 


54 


-0.0034105 


-9.097' , -21 4 






55 


0.0041 166 


-0.0060183 






56 


0.0031678 


-0. 0060622 






62 


0.0042304 


-C .0048 188 




?_ . . _ 


63 


0.0032760 


-0.0043557 






64 


0.0022834 


-0. CO 49191 




ft 


65 


0.0009915 


-0.C05186C 






66 


-0.0005574 


-C. 0058390 




9 


67 


-0.00 11262 


- 0.0059767 






6 3 


-0. 0018920 


-0 .0060770 




0 


69 


-0 .0026595 


-0.0060464 






70 


-0.0037968 


-0 .0059993 




] _ 


71 


0.0037299 


-0.0045338 






72 


0 .0034359 


-f . 004077 C 




7 


73 


0.0027794 


-0.0041640 






74 


0.0032651 


-0.0033173 




3 


75 


0.0023268 


-0 . 0034769 






76 


0.0016752 


-0.0037697 




4 


77 


0.0032742 


-0.0022734 






78 


0.0027145 


-0.0024996 




S_ __ _ _ ._ _ 


79 


0.0032660 


-0.0009005 






81 


0.003 1049 


-0.0013364 




7 > 


82 


0.0024320 


-0.0020521 






0 3 


0.0013565 


-0.0030386 




7 


84 


0.0004252 


-0.0036344 




fc 


85 


-0.0010721 


-0 .0044760 




R . 


86 


-0.0028054 


-0.0046649 






07 


-0.0039553 


-0.0046452 




9 _ ______ 


88 


0.0031834 


-0.0006969 






89 


0.0020792 


-0.001 8719 




0 _ 


96 


0.0027104 


-0 . 0008 10° 






97 


0.0017405 


-0.0016368 




1 _ - _ .... _ ... 


98 


-0.0000853 


-0.0028302 






99 


-0.0009611 


-0.0030884 




? _ 


100 


-0.0018924 


-0.0032659 






101 


-0.0028484 


-0.0033307 




3 _ 


102 


-0.0039891 


-0 .Of 33430 






103 


0.0027961 


-0.0CC3999 




4 


105 


0.0010593 


-0.0012608 






106 


-0.000 8308 


-0.9019313 




S 


10 7 


-0.0028267 


-0.0021470 






108 


- 6.00 39237 


-0 .00218 13 




6 


115 


0.0026483 


-C. 000 1529 






117 


0.0020424 


-0.0002991 




1 


118 


0 .00 02 820 


-C.00C7689 






119 


-0.0007384 


-C. 00091 67 




8 


120 


-0.C017415 


-0.0010183 






121 


-0.0027841 


-o . 00 106 96 




9 


122 


-0. 0038376 


-0.00 1 08 9 4 






123 


0 .00 26 13 7 


0 . 0 0 0 C 7 5 2 


( 


% 


125 


0.0012785 


0.000 (*724 






126 


-0.0006520 


-C. 0000339 




J 


127 


-0.0027377 


-C .0000819 






128 


-0.0037719 


-0 .0000971 




7 


130 


0.0024611 


P .009 2 59 9 






132 


0.0020C 1 7 


C .0004948 


\ r \ . > 




133 


0.000 3.58 3 


C. 000734 1 


x / 



I 



o 



(I 







IV, 

135 

137 

.139 

140 

141 






143 

143 



-9. 04 16639 
-0.00^7352 
0 *00 3 392 1 
_ 0 .. 00 18 5^1 
0.0OU87] 
— 0 .00064 4 4 



■ 0 .0027684 
• 0 .00 373 7 5 



r, 

C 

C 

0 

0 



Or. ro7 
0 0 0 8 9 6 i 
c ^ 9 1 6 7 
0 C 0 ° 6 8 4 
00 1 3040 



0 .0017463 



157 



0.0018790 
r . r.o i n 8 6 7 



LOADING - THREE 



X = 0 . 60 



resultant joint displacements - SUPPORTS 



JOINT 



/ DISPLACEMENT- 



9 




X DI SP. 


Y DISP. 


l 


DISP. 


0 


1 


0.0 


-0.02 029 86 






1 


3 


O.n 


-0.0199403 








3 


0*0 


-C.C196314 






? 


4 


n r\ 


-0 .01 861 97 








5 


n.o 


-0.0179556 






3 


6 


0.0 


-0.0162740 








7 


0.0 


-0.0153912 






4 


8 


0.9 


-0.0148808 








80 


0.0050955 


0.0 






9 


95 


0.0048344 


0.0 








114 


0 .0042605 


0.0 






6 _ 


129 


0.0038987 


0 . 0 






7 

1 


136 


0.0036246 


0.0 








RESULTANT JOINT 


DISPLACEMENTS - 


FREE JOINTS 






9 


JOINT 


/ _ _ 






/ 




/ 






/ 


'0 

M 




X DISP. 


Y DISP. 


l 


DISP. 




9 


0.0009406 


-0 . 0200500 






’2 _ 


10 


0.0006927 


-0.0197869 








16 


0.0018248 


-0. 0195OQ5 






*3 


17 


0.0008964 


-0.0188825 








18 


0.0002702 


-C. 0181233 






M 


1 9 


- 0 . 0 0 0 3 7 1 8 


—0 .0164386 








20 


-0.0005213 


-0.0158433 






15 


21 


-0.0007814 


.0154684 








22 


-0.0010316 


-0.0150027 








23 


-0.0015021 


- 0.0147101 








24 


0.0026794 


-C.0l88' 7 15 






>7 


25 


0.0019741 


- ° . 0 1 8 5 9 8 4 








2 6 


0.0034844 


-0.0178546 






>8 


27 


0 .00 16314 


-0. Cl 7] 300 








28 


-0.0001944 


-0.0 15 8356 






> 9 __ 


29 


-0_. 001 0 039 


- 0 • 0 1 4 7 8 3 n 








30 


-0.0019862 


—9 .0141 1 ° 4 








31 


-0*0028629 


-0 . 0 I 36935 




f 


1 


32 


0.0042462 


-C. 0165325 






)l _ 


33 


0 .003033 1 


-r.0162534 








3 9 


0.0048382 


-0.9146572 






VI 


40 


0.0023308 


-'■'.01449 31 








41 


0.0007714 


-0.014 I4 86 




___ 

V / 1 




42 


-0.0008574 


-0.0133323 





I 



t» 






4 3 


-0.00 1 3745 


-0.0 1 5064 7 




44 


-0. 002068 5 


-4 . C' 1 29050 


l-5o 


45 


-0.002/893 


-0.91261 58 




4 6 


-0 . 00 40 7 3 6 


. n 1 24 1 5 3 




47 


0. CO 5 3P90 


-0.0126554 




48 


0.903924? 


-C .01 ? f ?6 2 




49 


0.0057469 


-0 . 0 )0 Q ? 6 4 




50 


0.0028 6 0 8 


-0. C 105 71 1 




51 


-0.0091246 


- o . 0 1 1 r 8 5 4 




k 52 


-0.0915752 


-0.0) 193 8 1 




* 53 


- 0 . 0 0 3 4 C 9 2 


-.'010849? 




54 


-0.0048714 


-0.9 10621 5 




55 


0.0060181 


-0.0090289 




56 


0.0045528 


-0.009C8R4 




62 


0.0061854 


-0 . 9Q 7 1 g? T 




63 


0.0047331 


-0 .0072536 




64 


0 .003249? 


-0.0073409 




65 


O.oo 1 3685 


-O.Q077345 




6 6 


-0 .OOC8290 


-0. 00 8 5799 




67 


-0 .00 16 21 1 


-0 .0087458 




68 


-0.0927189 


-0 .0088690 




69 


-0.9038 187 


-C. 0088134 




70 


-9.0054471 


-0.0037403 




71 


0.9054235 


-0.0068409 




72 


0.0949809" 


-0.0060813 




73 


0.0039990 


-0.0062149 




74 


0.0^47324 


-0.0049455 




75 


0.0033316 


-0.0051854 




76 


0.0023739 


-0.0066214 




77 


0.0047531 


-C.C03387C 




78 


0.0039162 


-0.00^7249 




79 


0.0047465 


-0.0013406 




81 


0 .004 503 5 


-C. 00 19895 




82 


0.0034994 


-0.0039651 




, 83 


0.0019190 


-0. 0045163 




1 84 


0.0 0056 81 


-0.0053844 




85 


-9.0015601 


-0.0065760 




86 


-0.0040432 


-0. CO 68281 




87 


-0.0056973 


-0.9067920 




88 


0.0046255 


-0.0010355 




89 


0 .0029886 


-0.0027834 




96 


0.0039264 


-0.0012942 




97 


0.0024965 


-0.0024303 




98 


-0.0001514 


-0.0041865 




99 


-0. 00 1404 3 


-0.0945553 




100 


-0.0027448 


-0.0048086 




101 


-0.0041179 


-0.9J48967 




102 


-0.0057665 


-0 .C0491 1 1 




103 


0.0040597 


-0.09 0595 5 




105 


9.0015152 


-0.0018743 




106 


-0. CO 12179 


-C. 0028644 




107 


-0.0C4C96? 


-C .0031761 




108 


-0.005686? 


-C .00 3222 5 




115 


0.0938459 


-0. :00?316 




117 


0.0029589 


_r> # nnn/ f 6 2 5 




118 


0.0003979 


-O.OOl 1 68 3 




119 


-0 .001 0807 


-9. CO 1 37 81 




120 


-0.0925323 


- r . 0015295 




121 


-0.0040404 


-0.0016035 




. 122 


-0 .rc 5 5710 


-0.001631 4 


/ 


r i23 


0.0037977 


0 . nor 1924 




125 


9.0018500 


C . C A r 0 8 1 9 




126 


-0.900°531 


-0 .0000876 




127 


-9.0039766 


-0.0091625 




128 


-0.0954809 


-0.00 Cl 849 


■* 

\ 


1 30 


0.003577? 


f., 0 00 37 1 1 


V 



7 l 



t 



n 



<» 






1 



132 
1.33 
1 34 
135 
137 
1 39 


0.002906 / 
0.0009169 
-0.0026 1 94 
— 0. 0094 2 06 
' 6.0034790 
0.CU27C1 7 


0.6 9 “5/090 
0.00 11111 
0.0012404 
9. '■'9 12 62 4 
0.0007439 
0.09138° 8 


■ - - 


159 


140 


0 . r 0 1 7 2 3 6 


0.0018758 






141 


_ r _0 . 0 00 Q 3_79_ 


o . 00 2 506 1 






142 


-6. 003*9361 


• C. CO 2 693 5 






143 


-0 .0094 178 


0.CC27043 







LOADING - FOUR X=0.80 



/_ 



8 

9 


RESULTANT JOINT 


DISPLACEMENTS - 


SUPPORTS 










JOINT 


/ 


n T cp| rtf' rvr MT 




/ 




0 


/ 


U 1 M l /’ULi ti. is 1 




/ 








X DISP. 


Y DISP. 


Z DISP. 






1 . 


1 


0.0 


-0.0244147 








? 


2 


0.0 


-0. C 240904 










3 


0.0 


-C .0228209 








3 


4 


0.0 


-0. 0228374 










5 


0.0 


-0.0221868 








4 


6 


0.0 


-0.0203627 










7 


0.0 


-0.0193178 








<; 


8 


0 . 0 


-0.01 86968 










80 


0.0065100 


C.O 








6 


95 


0.0061686 


0.0 










114 


0.0954280 


C.O 


0 






7 


129 


0.0049665 


0.0 








• _ 


136 


0.0046197 


o.c 









RESULTANT JOINT 


DISPLACEMENTS - 


FREE JOINTS 






in T MT 


/ 


h T C Ol A r L M C T 






J U l IN 1 


/ ~ 


L) 1 j r L A L r o! 1 1\ 1 




/ 




X DISP. 


Y DISP. 


Z DISP. 










9 




0.0010618 


-0.0241604 




3 


10 




0.0008188 


“0.0239363 






16 




0. CO 20 66 7 


-0. 0237171 




’4 


17 




0.0011415 


-P .02 307 1 0 






18 




0.0004397 


-0.0223618 




5 


19 




-0.0003785 


-0. 0205501 






20 




-0.90 n 6178 


-C .0 198514 




’6 


21 




-C. 00 09 501 


-C. C 194 126 






22 
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APPENDIX 5 

Straight slit with circled ends , 'LSI 1 



The following presents : 

1- Input data , pp 165 - 185 • 

2- Output data , pp 1 86 - 218 • 
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APPENDIX 6 
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H-slit , 'CSTG' type . 



The following presents : 

1- Plate division , dark numbers are element names , light num- 
bers are node names , page 220 . 

2- Input data , pp 221 - 234- . 

3- output data , pp 235 - 247 . 
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60.0 


60.0 


”63 61 . 0 


33.0 


6 4 61 . C 


AC. C 


“65 61.5 


28.6 


6 6 6 5 • C 


30.0 


67 65. C 


35.0 


~"68 65". 0 


50.0 


"6 9 68.5 


28.6 


70 69.0 


33.0 


"7l~ 69.0 


40.0 


# _ 72 70. C 


0. 0 S 


73 70.0 


5.0 


~74 _ 70. C 


10.0 


_ 7~5 70. C 


15. C 


76 70.0 


25 .0 


"d7 70. C 


80.0 



78 70.0 100.0 



79 73.0 


30.0 


’ - 8"0 73. C 


l 

1 

o 


1 o 

1 . 

1 in 

1 

1 

c° 

1 

1 

1 

1 

1 

1 

1 

1 


0.0 s 


82 75.0 


5.0 


83 75. C 


'10.0 


^ 84 15 . C 


20.0 ( 


85 75.0 


25.0 



86 75.0 35.0 

87 75. C 50.0 



\ 



i 






< 



-22.4 



OB 7 5.0 60.0 

bV 7 3.0 30.0 

90 ~ II.C 6 0. C 



91 BO.O 5.0 




96 85. C 0.0 S 



95 85.0 10.0 

9*6 8 5 7c 3C . C 







97 90.0 5.0 

To -- 9C7 c "l 0.0 

59 9 0 . C 60.0 



100 90 . C 60.0 

101 90 . C 100 . 0 




106 95. C 30.0 

1 C5 100.0 5.0 




107 105.0 10.0 



1 C 8 105. C « 2 0.0 
1C9 1C5.C 60.0 

no" 110.0 5.0 

111 1 1 5 . c 0.0 s 

112 115.0 10.0 

Til - II 5 7 o 30.0 
TlV 12C.C 5.0 

115 125.0 0 .OS 

TiTTIT io.o 
TiT llITo 2 * 0.0 
Tib 125.1 60.0 

TiT 11*5.6 lo.c 

120 1 2 5 . C 0*0 . 0 



121 12 5.0 1C0.0 
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122 130.0 5.0 

12~3 13 5. C 0.0 S 



124 1 ^5 . 0 10.0 

Tff 135 7o”~To".0 
126 140.0 5.0 



127 145. C 0.0 S 

128 145.0 10 ."O 

T 2 VI 45 Tc 20.0 



130 145. C 40. C 

TiTTsoTo 0 .0 s 

132 15C.C 5.0 



133 150.0 10.0 

1 34~ 1 5 0 ."~0 20.0 

135 15C.C 30 . C 

136 150 .~C 4 0. c" 

137 150.C 60.0 

T38 _ l50.0 100.0 



ELEMENT INC I HENCE S 
"l 2 1 0 



10 



! 



3 10 0 14 

4 14 5~ _ 13 

5 14 13 15 



6 14 15 16 

~1 T6 15 21 

V” 15~~2C 21 



9 


21 


20 


22 


10 


21 


~22 ’ 


"23 


Tf 


" 23~~ 


~22 


Tf 


12 


22 


26 


27 


13 


27 


2 6 


28 


14 


27 


28 


29 






♦ 



* 



15 2 9 2 8 3 7 



16 


28 


36 


37 


1 7 


37 


36 


38 


18 


3 7 


33 


3 9 


15 


39 


38 


53 


20 


52 


5 3 


38 



29 6 



21 


53 


52 


5 8 


22 


53 


58 


59 


23 


59 


5 8 


58 



25 


58 


57 


58 


25 


59 


58 


50 


26 


50 


58 


59 



27 


50 


59 


60 


28 


1 

vn | 
0| 
i 


60 


51 


29 


51 


60 


61 



> 



30 


52 


51 


61 








3 1 


52 


61 


55 








32 


55 


61 


65 








33 


55 


65 


63 








35 


63 


65 


6 6 








35 


63 


66 


67 


0 






36 


67 


66 


70 






* 


37 


7C 


66 


69 








38 


70 


69 


79 








39 


79 


69 


76 








50 


79 


76 


85 








51 


76 


85 


85 








52 


76 


75 


85 








5 3 


1 

1 “A 

I ' — 


83 


85 








55 


75 


75 


83 


1 




5 5 


75 


73 


83 








56 


7 3 


8? 


83 








5 7 


7 3 


8 1 


8 2 




M 








* 



* 



( 




4 8 73 72 81 
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49 3 2 LI 



50 2 10 11 







51 


1 1 


1 C 


14 




" 52 


1 1 


14 


17 




53 


14 


16 


17 




54 


17 


16 


21 




i 

1 

1 

1 

l 

l 

l 

1 

U1 

U1 


17 


2 1 


24 




56 


21 


23 


24 




57 


24 


23 


27 




• 58 


24 


27 


3C 




59 


27 


29 


30 




60 


30 


29 


3 7 




61 


30 


37 


40 




62 


37 


3 5 


40 




63 


40 


39 


43 


’ 


6 A 


40 


' 43 


50 




65 


43 


45 


5 C 




66 


40 


50 


44 




67 


44 


50 


51 


- 


~68 


44 


51 


45 


t — 


69 


45 


51 


52 




7 C 


4 5 


52 


46 




71 


46 


52 


55 




72 


A 6 


55 


53 




73 


53 


55 


56 




74 


56 


5 5 


63 




75 


56 


63 


64 • 




76 


64 


63 


67 




77 


64 


67 


71 


/ 



78 


67 


70 


7 1 


75 


71 


7 C 


80 


8 C 


80 


70 


86 



t 



( 









81 70 79 86 



82 


86 


79 89 


8 3 


79 


85 89 



84 


89 


8 5 


93 


85 


93 


85 


84 


86 


04 


92 


93 



£7 


84 


83 


92 


88 


83 


9 1 


92 


89 


83 


82 


91 



9 C 


82 


81 


91 


9 1 


8 1 


94 


91 


92 


3 


1 1 


4 



93 


4 


1 1 


18 


94 


18 


1 1 


17 


95 


13. 


17 


24 



96 


1 8 


24 


31 


97 


24 


30 


31 


98 


31 


30 


40 



99 


31 


40 


44 


100 


31 


44 


45 


101 


31 


4 5 


41 



102 


41 


45 


46 


103 


41 


46 


47 


104 


47 


46 


53 



105 


47 


53 


56 


106 


47 


56 


64 


107 


54 


47 


64 



1 C 8 54 64 68 



109 68 64 71 



110 68 71 87 



111 87 71 90 

1 \2 7l 80 90 



113 90 8 C 86 




% 









✓ 

* 



114 


0 6 


05 


90 


l 1 5 


90 


89 


96 







- — 


4 


1 1 6 


85 


9 3 


96 



9 



117 9 6 0 3 9 0 

]T l~8 93 *92 98 

119 98 9? 95 



120 92 91 95 

121 95 91 97 

122 9 1 9 6 9 7 



123 5 4 12 

if 2*4 12 6 18 

T2£"“"l2 18* ” 25 



126 25 18 31 

1~27 2 5 31 41 

_ i~2 8 6 5 



12 



129 6 12 19 

T30~ 19 12 25 

\3~l~ 19 2 5 3 2 



132 32 25 41 

13 3 32 61 67 

134 32 47 54 



135 32 54 33 

"life 33 54 62 

1 37 54 63 6 2 



138 62 6 3 8 8 

1 39 68 87 88 

140 8 8 8 7 1 GO 



141 87 99 100 

T42~~ 87 5C 99 
f43 90 96 99 



144 


96 


104 


99 


14 5 


56 


58 


104 


146 


’ 98 


95 


103 



- I 




( 



95 



9 7 10 3 



l A 7 95 <5 7 1 0 1 

1 A 8 <> 7 9 A 10? 

1A9 6 19 7 
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150 7 19 33 

T51 19 3 2 33 _ 

152 7 33 3 A 

153 3 A 33 62 

1~5A 3 A 6 2 7 7 

~155 7 7 ~ 6 2 "88 



156 77 83 100 

f57 100 99 109 

f58 99 10 A 109 

159 1 CA 9S - 1 08 

"l60 98 Tcf To8 

TeTioi ic7 103 



162 1C3 97 105 

163 lC3 1 C 5 1~07 

_ 16A _ 97 102 105 



165 105 102 106 
T66 _ 1o 5 TlC 10 7 
167 105 106 110 



168 77 100 101 

TTTccTT 10 T 

~17 0~ 100 119 120 



171 100 109 119 
TtTTcTiib 119 
T73 109 10 A 113 



1 7 A 


l C 9 


113 


1 1 8 


17 5 


118 


113 


T?T 


176 


10 A 


108 


1 13 


177 


1 C 8 


117 


113 


178 


113 


117 


125 



179 125 117 129 



t 



( 



( 




( 







1.00 108 107 112 

101 108 112 117 

faTTir nt ii 7 

183 117 1 16 1 2 A 

iTa lT 7 _ 12A 129 
foT 1 2 A 12 8 129 

lTTTT 107 no ii2 

181 11 C 1 1 A 112 

ToTTTTi'a no 

189 116 11 A 122 

190 Til 122 12 A 
TT _ 1 2 A 122 126 

192 12A 126 128 

ITT 12 8 TFT 3 2 
T9A _ T06 Tl 1 110 

195 110 111 1 1 A 

To 6 1 1 A 111 115 
ITTTlA 115 122 
198 115 123 122 
T99T22 123 126 

200 126 123 127 

201 126 127 132 

T 02 T 2 T T 3 T 132 
To 3 7 3 A 8 

2 OA 8 3A 35~ 
ToT 35 __ 3A ” 7 7 
ToT 3 5 _ 77 78 

207 78 77 1C1 

TcTToT 120 121 

TO 9 121 120 138 

2 10 120 1 3 "7 13 8 
T 1 1 To" 119137 
T 12 119 130 137 



f v 1 

01 






4 



4 

\ 



2 n 119 lin 130 
~2 14 1 20 ~ 7? 6 137 
21 f 118 12 5 13 0 
"216 130 12 5 135 
TlT 13C 13 5 136 
2 18 125 128 1 3~5 

219 135 129 136 

~2 2G 1 2 8 133 134 
T 2T 1 2 9 ~ f2 P _ T~3 3 
222 128 132 133 

~E l¥mE N T PROPERTIES 

"f“T0 222 TYPE 'CSTG* THICKNESS 5.0 
CONSTANTS 
'TITIOO. ALL 
""pgIsson .3 ALL 
JOINT RELEASES 

Ttc~8Tcr"ce Y 

72 81 94 102 106 111 115 123 127 131 FORCE X 
LOADING ‘ONE* 'R = 0. 33 • 

"joint lcacs 

T FORCE Y -12 5.0 , j b y.j f / 

— “ ” ~7~Z 7 ^ *<&*. 

9 FCRCE Y -250.0 L© 

TITfCRCE Y -2 50.0 

15 FORCE Y -250.0 

20 FCRCF Y -125.0 

Toa"cTnG - *t wo » *1=0.50* 

"TcTnt lcacs 

1 FCRCE Y -125.0 
<f "FORCE Y -2 50.0 
T3~~FCRCE Y -2 50 .0 
15 FCRCE Y -250.0 
yd""F0RCF _ Y _ -2 50. 0 
~2 2 Tc R C F ~Y _ - 2 50 .0 






— .*'* ' 

r. ^ * • 



I 






( 



2 6 FCRCT V -125.0 
LOAOI N G •THREE' ' R = 0 . 6 6 



JCINT LC ACS 



1 r CPC E Y -125.0 



9 FORCE Y -250.0 



13 FORCE Y -250.0 



15 FORCE Y -25C.G 



20 FCRCE Y -250.0 



22 FCRCE Y -250.0 



26 FORCE Y -250.0 



28 FCRCE Y -250.0 



36 FORCE Y -125.0 



LOADING 'FOUR 1 ’R=0.83» 



JOINT LOADS 



1 FORCE Y -125.0 



9 FCRCE Y -250.0 



13 FORCE Y -250. 0 



15 FORCE Y -250.0 



20 FCRCF Y -250.0 
22 FORCE Y -250.0 



26 FCRCE Y -250.0 



28 FCRCE Y -250 .0 



36 FORCE Y -250.0 



38 FORCE Y -250.0 



42 FCRCE Y -125.0 



LOADING ’FIVE' , R=l.O* 



JOINT LG ACS 



1 FCRCE Y -125.0 



9 FORCE Y -25C.C 



13 FCRCE Y -250.0 



15 FORCE Y -250.0 



20 FCRCE Y -250.0 



22 FORCE Y -25C.C 



23 






. 



\ ) 



2 6 FCRCF Y -2^0.0 
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28 FCRCE Y -250.0 
36~ FORCE Y -250.0 



38 FCRCE Y -250.0 



62 FORCE Y -25C. C 



68 FCRCE Y -250.0 



57 FCRCE Y -125.0 



STIFFNESS ANALYSIS 



LIST DISPLACEMENTS STRESSES ALL 



235 



LOADING - ONE 



R = 0 . 3 1 



RESULTANT JOINT DISPLACEMENTS - SUPPORTS 



JCINT 



•01 SPLACEMENT- 



/ 



X Dl SP. 



V DI SP. 



I CISP. 



1 

2 



0 .0 
0. 0 



•0 .0603966 
-0 . 0594463 



3 

A 



0.0 

q_._o_ 

o.o 

_q_._o_ 

o.o 

o.o 



■0.05764 1 c 
-0 jl0 5A8_96_2_ 
-0.05 16529 
■0j_CA_5_5_A_2_6_ 
•0.04-6961 3 
•C. 04 3 6 24 2 



5 

_ 6 _ 

7 

8 



72 




0.0094846 


0 .0 


81 




0.0101828 


0.0 


94 




0 .0 1 1 1303 


0.0 


1 C2 




0 . 0 1 1 5 8 1 2 


0.0 


106 




0.0117065 


0. 0 


ill 




0.0116545 


0.0 





115 


0.0115449 


0.0 








123 


0.0113149 


0.0 








127 


0 .0109909 


0.0 






► — 


121 


0.0107025 


0.0 








RESULTANT JOINT 


DISPLACEMENTS - 


FREE JOINTS 








1 r T MT 


/ 


n I edi a r p wr kit 




/ 


— 


J l 1 IM 1 


/ 


u 1 or L Alt v ‘ L IN) 1 




J. • 




< 


X DI SP. 


Y DI SP. 


7 CISP. 






5 


0 .00231 12 


-0.0599629 








10 


C. 00 16332 


-0. C567361 








1 1 


0 .0009699 


-0.0572288 








12 


-0.0000838 


-0.0513172 








1 3 


0.0044323 


-0.0582331 








14 


0 .0031406 


-0.0572006 








15 


0. 0063772 


-0.0559198 








16 


0.0044664 


-0.0546722 








1 7 


0.0026746 


-0 .0532781 








1 8 


0.0006865 


-C. C5C9567 








19 


-0.0005046 


-0.0468958 








20 


0.0081164 


-0.0512993 








21 


0.005406C 


-C. 05 C 839 3 








22 


0.0089855 


-0 .0464355 








23 


0.0066415 


-0. 0466015 






i 


24 


0.0041497 


-0.0465903 






1 


25 


0.0003240 


-0 .04 50660 








26 


0.0096174 


-0.0431111 








27 


0.0075242 


-0.0431986 








2 E 


0.0100669 


-0.0400898 








25 


0.0082073 


-0.0402264 








3 C 


0.0060420 


-0. 0403277 




«. * 




31 


0 .00 3 1658 


-0. 04 C 4 738 




e 





3 2 
3 3 

34 

35 
3 6 
37 


-0.0002 1 84 
-0.0027739 
-0.00 5 5 5 0 5 
-0. CO 998 83 
C .0 10 33 39 
0 .00 86 8 30 


-0.0401 168 
-0. C39C707 
-0 .0 58151 9 
-0.0367230 
-0.0375387 
-0.0 3 7569 6 






1 

! ! *V 

! 




38 


0. C 104803 


-C. C 551 46 3 










39 


0 .0089846 


-0.0351899 








A 


40 


0 .0071875 


-0. 0352C2C 








W 


41 


0.0024572 


-0.0354174 










4 2 


0.0 10 5016 


- C. 033C81 1 










43 


0.0091414 


-0 .0330806 










44 


0.0062001 


-0.0328712 










45 


0 .CO 39963 


-0.0328676 










46 


0 .0032561 


-0 .03 17370 










47 


0.0006737 


-C. 0315657 










40 


0 .0104591 


-0.03 1 1225 










4 5 


0.0091840 


-0.0311276 


t 








50 


0.0074549 


-0.0310435 










51 


0 .005456 7 


-0.0306526 










52 


0.0044915 


-0.0303998 










53 


0 .0025357 


-0.0300203 










54 


-0 .0015153 


-0 .0297884 










a c; 

> ^ 


0. 0039542 


-0.0290964 










56 


0.00 17692 


-0.0286136 










57 


0.0104216 


-0 .0294274 










56 


0. 0091720 


-0.0294332 










59 


0. CO 757 19 


— 0. 0255C5 3 










6 C 


0.0063717 


-0.029480 7 










61 


C. 0048258 


-C. 02 82849 










62 


-0 .0035660 


—0 .0270276 










63 


0.0033037 


-0.0262223 






~ 




6 4 


0.0010437 


-0.0258942 








& 


65 


0 .0048932 


' -0.0263705 






— 


9 


66 


0.0052576 


-0.0222105 










67 


0.0027956 


-0.0224143 










68 


-0.0012269 


-0.0235052 










65 


.0.0065509 


-0. 016891 5 






— 




7 C 


0 .0 0 408 4 1 


— 0 . C 1 79832 










71 


0.0016543 


-0.0195592 










73 


0.0094573 


-C. 0C22953 










7 4 


0.009194 1 


-0 .0046428 


* 




— 




75 


0.0089395 


-0. 0071055 










76 


0.0078533 


-0.0131868 






— 




77 


-0. 0087C23 


-0.0219912 










78 


-0.0149055 


-C. 0214369 










79 


0.0062510 


-0.0136131 










8 C 


0.003192 1 


-0.0161182 










82 


0.0100573 


-0. 0C2C96C 










8 3 


0.0099141 


-0 .0042 19 2 










84 


0.0091488 


-C. C 0 86 02 9 










85 


0 .0080574 


-0.0 106 3 19 






- 




86 


0.00431 78 


-0.0140657 










8 7 


-0.000382 7 


-0. 01 71 868 






- 




88 


-0 .003072 1 


-0.018348 1 










89 


0.0065699 


-0.0109842 






- 




90 


0.0027871 


- 0 . C 1 3 6 8 2 1 










51 


0.0106636 


-0.00 18188 






- 




92 


C. 0 1 00757 


-0.0054835 








1 


93 


0 .0083443 


-0 .00860 1 2 






-I 




95 


0.0108401 


-0 . 00 30569 










9 6 


0.0071071 


-0. 0C82332 






-l 




5 7 


0.0113212 


-0.00 12 734 










98 


0.0097233 


-C. 0046577 






"1 




99 


0 .0040727 


-0.0086126 




0 






1 CO 


-0.002 1690 


-0 .0 1 14 54 0 






-l 





101 


-0.0153603 


-C. C129586 
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103 


0.0111636 


-0 .00 2019 6 




104 


0.0074970 


-0.0054907 






105 


0.0115549 


-C.00C8C25 






1 C 7 


0.0111854 


-0 .0011830 






1C8 


0. C099645 


-0.0023424 






109 


0 .0050361 


-0.0045927 






11C 


0.0115795 


-0.0004125 




112 


0.C112805 


-C. 0005533 






1 13 


0.0078895 


-0 .0016493 






1 14 


0.0115030 


-C. 0CC1402 






116 


0 .0110585 


0.0000482 






117 


0. 0098789 


0.0000936 






118 


0.0051061 


C. C0CC87C 






119 


-0.0010550 


-0.0000050 






120 


-0.0077965 


-0.0003537 






121 


-0 .0147516 


-0. 00C5200 






122 


0.0113350 


0.0001914 






124 


0.0109417 


C. 00C6692 






125 


0 .0077315 


0.0018635 






126 


0.0110626 


0.0004883 






128 


0.0105146 


0. 00 1 3495 






129 


0.0093603 


0 .0025438 






130 


0.0050552 


0. 0045468 






132 


0 . C 106 360 


0.00C8839 






133 


0.0103142 


0 .00 17358 






134 


0.0091191 


0.003242 1 






135 


0. C072547 


0.0045619 






136 


0 .0049158 


0.0057944 






137 


-0.0011751 


0.0069375 






138 


-0.0144677 


0.0075483 






LOADING - TWO 


R=0. 50 


) 





Rj ES JJ LI jANL _J_0_I_NJ_ 0 1 S P L ICEME NI S _- _S_UP P ORIS 

J CJ.NT -- r ~ - D I S PLA_C_E lME NJ - - - — - ---—-/ 







X D I SP. 


Y 01 SP. 


Z CISP. 




1 


0 .0 


-0.0831649 






2 


0 .0 


-0.0822756 






3 


0.0 


-0.0805988 






4 


c. c 


-0.0778629 






5 


0 .0 


-0. 074447R 






6 


0.0 


-0.0719271 






7 


0.0 


-0. 0686974 






8 


0 .0 


-0.0639965 






72 


0. 0141539 


0.0 






81 


0.0151969 


0. 0 






94 


0.0166110 


0 .0 






1 02 


0.0172828 


0.0 






106 


0 .017470 l 


0.0 






ill 


0.0173931 


0 . . 0 




> 


115 


0.0172322 


C. 0 


( 


123 


0.0168931 


0.0 






127 


0.0164152 


0.0 





131 



0.C159887 



0 . 0 




RESULTANT JOINT DISPLACEMENTS 



FR^E JOINTS 



J G I NT 



/ 



0 I SIH.au 81 N I 



/ 
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XDISP. YD ISP. 7DISP. 





9 


0 .002670? 


-0.0828132 






1 c 
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APPENDIX 7 A 



Lehigh specimen, no cut 



'OSTG 1 type . 



The following presents 1 

1- Plate division , numbers are node names , page 249 . 

2- Input data , pp 250 - 267 . 

3- Output data , pp 268 - 271 . 
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APPENDIX 7 © 



Lehigh specimen with saw-cut , 'CSl'G* type . 



The lolloping presents : 

1- £late division , numbers are node names , page 273 • 

2- Input data , pp 274- - 295 • 

3- Output data , pp 296 - 300 e 
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264 


0.0035888 


0.0453250 




265 


-C. 0155351 


C. C45773C 




266 


-0 .0217905 


O.C457615 




267 


-0.0457C32 


___ 0.04 56517 




268 


-C. 0687 152 


C. C455426 




2.6a 


-(L.m0JL6Ql 


. 0.. 045.5423 



r 



c 




30 



APPENDIX 8 

H-slit aluminum , ’CSTG 1 type . 

The following presents : 

1- Plate division , numbers are element names and node names , 
pages302, 303 . 

2- Input data , pp 304 - 321 . 

3- Output data , pp 322 - 325 . 



f 



1 




1 



m 






m 



304 



™ ft p p r N r> t X ° t H - c - L 1 T ’ 

fvn^ T> I' “A T T7r c 

i iN T T c iprucc 



A t. 



TT^ r 



TTpnTTTV'' 



IDtmt rnnPfMNATrf 

-•( - 7^7^ - rr7~t^VE - ? ' 

n # n n # a 

n # 1 . /i A 

n . n n . *5 c 



*7 

' T 

A 

-ET 



A 

— r 



-n — rr 

TTT7V 



n . n 



--5715 — *r 

A . A C 
'77 A - 
O « /, 



--rs--n77T n*„ Tf* 
in n , /, n , A 
T7 — r 'T7T 1 ." rt 
in n # a n . A 




1. 








» I 



22 1 .2 1.0 
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2 3 1 . 0.4 

24 1.6 C . 1 2 5 



25 1.6 0.6 

26 1.6 1.4 

27 1.6 2.2 



2 8 1 .6 3.8 



25 1.6 5.4 

30 1.6 7.0 



31 1.8 0.4 

32 2.0 0.125 

~3 3 2.0 0.6 

34 2 .C 1.0 

35 2.2 0.4 

3 6 2.4 C . 1 2 5 

37 2.4 C . 6 

38 2.4 1.4 
"3 5 2.4 3 . C 

40 2.4 4.6 

41 2.4 6.2 

42 2.6 0.4 

43 2.8 0.125 

44 2.8 C.6 

45 2.8 1.0 



46 3.0 0.4 
4 7 3.2 C . 1 2 5 



48 3.2 0.6 



45 3.2 1.4 



50 3.2 2.2 
51 3.2 3.0 



2 3.2 3.8 



53 7.2 4.6 

54 2.2 5.4 






5 5 3.? 7.0 
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5 6 3.4 C.4 



57 3.6 C.125 



5 8 3.6 0.6 



50 3.6 1.0 



60 3.6 l.B 



61 3.6 2.6 



62 3.6 3.4 



63 3.6 4.2 



64 3.6 5.0 



65 3.8 C . 4 



66 4.0 0.125 



67 4.0 0.6 



68 4 . C 1.0 



60 4.0 1.4 

c 

1C 4.0 1.8 



71 4.0 2.2 



72 4.0 2.6 



7? 4.0 3 . C 



74 4.0 3.8 



75 4 . C 4.2 

» ' 

76 4.0 4.6 



77 4.0 5.0 



78 4.0 5.4 



70 4.0 6.2 



8C 4.2 C . 4 



81 4.4 C.125 

: [ 

82 4.4 0.6 



83 4.4 1.4 



84 4.4 2.2 



85 4.4 3.0 

86 4.4 5.0 




87 4.5 3.6 



8 9 4.6 C. 4 



SB 4.6 4.4 
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90 4.8 C. 1 25 



91 4.8 C . 6 



92 4 .8 ] .0 



93 4.8 1.4 



94 4.8 1.8 



95 4.8 2.2 



96 4.8 2.6 



97 4.8 3.0 



98 4.8 5.0 



99 4.8 5.4 



100 4.8 7.0 



101 4. 888 3.460 



102 5 .0 0.125 



103 5.0 0.4 



104 5.0 C . 8 



105 5.0 1.2 



106 5.0 1.6 



107 5.0 2.0 



108 5.0 2.4 

» 



109 5.0 2.8 



110 5.019 3.193 



112 5. 1 52 3. 848 



111 5.169 3.556 



113 5 .2 5 .0 



115 5.4 4.5 



114 5.446 3.831 



116 5.54C 4.111 



117 5.6 5.4 



11 8 5 .6 6 .2 



11 9 5.6 7.0 



3 = 1 - 



120 5.807 3.981 



12 1 6.0 4.2 



122 6.0 5 . C 



123 6.0 5.4 



124 6 . C 6.2 



125 6.193 3.981 



126 6.4 5.0 



127 6.460 4.111 
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128 6 . 556 3 . 831 



129 6.6 4.5 



130 6.8 5.4 



131 6.8 6.2 



132 6.8 7.0 



134 6.831 3.556 



133 6.848 3.848 



143 6.981 3.193 



135 7.0 0.0 S 



136 7.0 0.4 



137 7.0 C . 8 



138 7.0 1.2 



139 7.0 1.6 



140 7.0 2.0 



141 7.0 2.4 



142 7.0 2.8 



144 7.111 3.460 



145 7.2 0.2 



146 7.2 0.6 



147 7.2 l.C 



148 7.2 1.4 



149 7.2 1.8 



150 7.2 2.2 



.151 7.2 2.6 



152 7.2 3.0 



153 7.2 5.0 



•yj i 






I *5 6 7.4 C . C S 



309 



ISA 7 . A A . A 



155 7.5 3 .6 



157 7.6 C.? 



158 7.6 0.6 



15^ 7.6 l . A 



160 7.6 2.2 



161 7.6 3.0 



162 7.6 5. A 



163 7.6 7 . C 



16A 7.8 0.0 S 



165 8.0 0.2 



166 8.0 1.0 



167 8.0 1.8 



168 8.0 2.6 



169 8.0 3. A 



1 7 C 8.0 3.8 



171 8.0 A. 2 



172 8.0 5.0 



173 8.2 C.C S 



1 7 A 8 .A 0.2 



1 75 8. A 0.6 



176 8. A 1 . A 



177 8. A 2.2 



178 8. A 3.0 



179 8 . A 3.8 



180 8. A A. 6 



181 8. A 5. A 



1 82 8. A 6.2 



1 83 8.6 C.C S 



1 8 A 8.8 0.2 



185 9.0 0.0 S 



186 9.2 0.2 






/ i 

187 9.2 0.6 
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1 8 B 9.2 2.2 



1. 8 9 9.2 3 . R 



190 9.2 5. A 




1 92 9.4 C.C S 



193 9.6 C . 2 



194 9.8 0.0 S 



1 ° 5 10.0 0.0 S 



196 10.0 0.2 



197 10.0 0.6 



198 10. C 1.4 



199 10 .0 3.0 



200 10.0 4.6 



201 10.0 6.2 



202 10.0 7.0 



ELEMENT INCIDENCES 



118 2 



2 19 8 



3 8 9 12 



4 9 (13 12 



5 


12 


13 


19 


6 


13 


20 


19 


7 


1 9 


20 


23 



8 


23 


20 


24 


9 


23 


24 


31 


10 


24 


32 


31 



1 1 


31 


32 


35 


12 


32 


36 


35 


13 


35 


36 


42 



14 36 63 42 



17 46 47 54 
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1 8 


4 7 


57 


56 


19 


56 


57 


65 


20 


57 


66 


65 




65 


66 


80 


22 


66 


81 


80 


23 


80 


81 


80 


2 4 


81 


9C 


89 


25 


89 


90 


103 


26 


oo 


102 


103 


27 


2 


8 


10 


28 


8 


12 


l 

I 

I 

1 

1 

l 

1 

I 

l 

1 

l 

l 

l 

l 

1 

! 

! 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 ° 

j w—4 

1 


29 


10 


12 


14 


30 


12 


19 


14 


3 1 


14 


19 


21 


32 


19 


23 


21 


1 33 


21 


23 


25 


34 


25 


23 


31 


35 


25 


31 


33 


36 


31 


35 


33 


37 


33 


35 


I 1 

1 

1 

1 

1 

1 

1 

l 

1 

1 

1 

1 

% 

1 

1 

1 

1 

l 

1 

I 

1 

1 

1 

l 

1 

1 

i 

1 

1 

1 r- 
1 00 
1 


38 


37 


35 


42 


39 


37 


42 


44 


40 


44 


42 


46 


41 


44 


46 


48 


42 


48 


46 


56 


43 


48 


56 


58 



44 58 56 65 



45 


58 


65 


67 




4 6 


67 


65 


8 C 




47 


67 


8 C 


82 




4 8 


82 


80 


89 




4 9 


82 


89 


91 


y' 




50 <U 89 103 
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c 1 


9 1 


103 


104 


52 


92 


91 


104 


53 


92 


1 04 


105 


54 


93 


92 


105 


55 


93 


105 


106 



56 


94 


93 


106 


57 


94 


106 


107 


58 


95 


94 


107 



59 95 107 108 



60 96 95 105 



61 96 1 C 8 109 



62 97 96 109 



63 87 1C9 110 



64 101 97 110 



65 101 110 111 



66 101 111 112 



67 112 111 114 



68 112 114 116 



65 114 120 116 



70 116 120 121 



71 121 120 125 



72 121 125 127 



73 125 128 127 



74 127 128 133 



75 128 134 133 



76 133 134 144 



77 134 143 144 



78 144 143 152 



79 143 142 152 



8C 142 151 152 



81 142 141 151 



\ 



82 141 150 151 



8 3 141 1 4 C 15 0 





I 



84 140 140 100 



80 140 139 149 



86 139 148 149 



87 139 138 148 



88 138 147 148 



89 ]38 137 147 



90 137 146 147 



91 137 136 146 



92 136 140 146 



93 136 130 145 



94 135 1.56 145 



95 145 156 157 



96 157 156 164 



97 157 164 165 

t 

88 165 164 173 



99 165 173 174 



100 174 173 183 



101 174 183 184 



102 183 185 184 



103 184 185 186 
1 C 4 1 86 185 192 



105 186 192 193 



106 193 192 194 



107 193 194 196 



108 194 195 196 



1 09 82 91 92 



lie 


83 


82 


92 


111 


83 


92 


93 


112 


83 


93 


94 



112 


84 


83 


94 


1 1 4 


84 


94 


95 


110 


84 


95 


96 




1 1 (S R5 R4 96 



j 



117 R 9 96 


.. - —31 h 

07 


UR 87 85 


97 


119 R 7 97 


10 1 


^ 1 2 C P 7 1 C 1 


112 


121 112 116 


115 


122 115 116 


121 


127 121 127 


129 


124 129 127 


133 


125 133 144 


155 


126 155 144 


152 


127 88 87 


112 


128 38 112 


115 1 


129 115 121 


122 | 


130 122 121 


12° 1 


131 129 133 


154 I 


132 133 155 


154 | 


133 152 161 


115 1 


134 152 151 


161 I 


135 151 160 


161. 1 


136 151 150 


0 


137 150 149 


1A0 | 


1.78 149 1.59 


160 | 


139 149 1 4 R 


159 1 


140 148 147 


159 1 


141 147 158 


159 | 


142 147 146 


158 1 


143 146 145 


l 


144 145 157 




) 145 68 67 




1 


*146 68 82 


l 


147 69 68 


l 


148 70 69 


83 9J4 



] 4 9 


70 


83 


84 


1 6 C 


71 


70 


84 


1 5 l 


72 


71 


84 



152 


72 


8 4 


85 


153 


73 


72 


85 


1 54 


73 


85 


87 



155 


74 


73 


87 


1 56 


74 


87 


8 8 


157 


75 


74 


88 



168 


76 


75 


88 


159 


77 


76 


88 


16C 


86 


77 


88 



161 


78 

% 


77 


86 


162 


78 


86 


99 


1 63 


86 


98 


99 



164 


86 


8 8 


98 


165 


98 


88 


115 


166 


98 


115 


113 



167 113 115 122 



168 122 129 126 



169 126 !| 29 153 



17C 129 154 153 



171 153 154 172 



172 154 171 172 



173 164 170 171 



174 164 155 170 



175 155 169 170 



176 155 161 169 



177 161 168 169 



178 161 160 168 



179 160 167 168 



180 160 159 167 



181 159 166 167 



‘ 



31 5 




IB? 159 158 156 

183 158 165 166 

184 158 157 165 



l. 

31 6 



18 



58 113 



186 09 113 117 

187 113 1?? 117 



188 117 12? 123 

189 123 12? 126 

190 l?-3 126 130 



191 126 153 130 

TqT"l30 153 16?" 
’l9 ■ 3 ~\5 3 _ IT 2 ~TkZ 



194 162 172 181 

T 9 5 _ T 72 Too" T bT " 

196 172 111 l 80 



197 171 179 180 

198 171 170 179 

199 170 168 179 



?C0 169 178 179 

201 169 168 178 

202 168 177 178 



203 168 167 177 
20 4 167 176 177 
205 167 166 176 



? 0 6 166 175 176 

207 166 165 175 

208 165 174 175 



209 59 58 67 



210 


59 


67 


68 




211 


59 


68 


69 




212 


60 


59 


69 




213 


60 


69 


70 




214 


6 C 


70 


71 


1 

l 

l 

1 

1 

l 

l 

1 

1 

1 

1 

l 

1 

1 

1 

1 

l 

1 

1 

1 

1 

i 

(O' 



4 




I 

J 



24 8 1 84 1 P6 1 8 7 

24° 1 P 7 1 PA 103 

250 1.97 1 9 A 197 



318 



251 175 184 187 
25? 187 157 197 
253 3 2 11 



254 


3 


11 


15 


255 


1 1 


14 


15 


256 


15 


14 


22 



257 


15 


22 


26 


258 


22 


25 


26 


259 


26 


25 


34 



26 C 


26 


34 


38 


261 


34 


37 


3 8 


26? 


<3B 


37 


45 



263 


3 8 


45 


49 


264 


45 


48 


49 


265 


4 


3 


15 



266 

267 

268 



4 

5 
5 



15 16 

4 16 



16 17 



269 

270 

2 71 



6 

6 

7 



5 17 

17 18 



18 



272 


1 5 


26 


27 


273 


16 


15 


27 


2 74 


16 


27 


28 



275 


17 


16 


28 




276 


17 


28 


29 




27 7 


18 


17 


29 




278 


1 8 


29 


30 




279 


7 


18 


30 




2 PC 


27 


26 


38 


V 

l .* • » v u . . ♦ . t; t ,.**• / , / 



r 1 







28 1 


27 


28 


79 






20? 


2 8 


27 


39 






282 


28 


39 


40 



19 



28 4 


29 


28 


40 


285 


29 


40 


41 


286 


30 


29 


41 



287 


38 


49 


50 


288 


39 


38 


50 


289 


39 


50 


51 






290 


39 


51 


52 










291 


40 


39 


52 










29? 


40 


52 


53 










293 


40 


53 


54 










294 


41 


40 


54 










295 


41 


54 


55 










296 


30 


41 


55 










297 


54 


78 


79 










298 


55 


54 


79 










299 


79 


78 


99 










300 


79 


99 


100 










301 


55 


79 


100 


0 








30? 


99 


117 


118 










3C3 


100 


99 


118 










304 


100 


118 


119 










305 


117 


123 


1.24 










306 


11 8 


117 


124 










307 


119 


118 


124 










30 8 


119 


124 


132 










309 


124 


123. 


130 










310 


124 


130 


131 




t 






311 


124 


131 


13? 










312 


i i 

1 - 1 1 
1 n ' i 
1 l 


13C 


16? 










313 


131 


162 


16 3 






•7 > ' 



3 1 4 13? 131 1 6 3 






315 16? 1PI 13? 



316 163 16? IB? 



317 1B2 1B1 1^0 

318 18? 100 191 



319 163 182 191 



32 C 176 175 187 



321 176 187 188 



322 177 176 188 



7?3 178 177 188 



326 178 188 189 



325 179 178 189 



326 16C 179 189 



327 180 189 190 



328 181 180 190 



329 187 197 198 




330 188 187 198 



331 188 198 199 



332 189 188 199 



333 189 199 200 



334 190 389 200 



335 19C 200 201 



336 191 150 201 



337 1.91 201 202 



p LEM c NT PROPERTIES 



1 TO 337 TYPE *CSTG» THICKNESS 0.50 



CONSTANTS 




F 10000.0 ALL 



POISSON 0.30 ALL 



JOT NT RELEASES 



1 TO 7 FORCE Y 

1 35 156 164 173 183 185 192 194 195 FORCF _ X 



$ PLATE LFNGTH=20.0, WIDTH=14.0 



32 ® 






$ WELD WIDTH* 0.25 



% wnn i f no th= 10.0 



1, H-BRANCH 0 VFR ALL HFTC,HT = 0.0 



LOADING 1 ONE * * UNIFORM’ 



• "V 



321 



t> H - P R A N C H W 1DTF=2 .0 , END CIRCLES ON H-BRANCH RADIUS*!. C» 



l FDRCF APPLIED 5*10**3 LBS/ IN t S TGMA C= 10** 4 PSI 



JOINT t 0 ADS 



I FORCE Y -1.0 



90 FORCE Y -1.5 



102 FDRCF Y -0.5 



9 13 2.0 24 32 35 43 47 57 66 81 FDRCF Y -2.0 



STIFFNESS ANALYSIS 



LIST DISPLACEMENTS STRESSES ALL 





0 



LOADING - CNE 



UNIFORM 



RESULT ANT JOINT DI SPLACFMFNTS - SUPPORTS 



J C I NT 



DI SPLACEMENT- 



X DI SR. 



Y DI SP. 



7 DISP. 



1 


0 .0 


-0 .0 73430 4 




_2 


.... 0.0 


-0. 0732901 . 




3 


0 .0 


-0 .0730776 




4 


0.0 


-0^0729944 




5 


0.0 


-0. 073081 6 




6 


0 .0 


-0.0730194 




7 


0. 0 


-0.072041 0 




12 5 


. .. 0.0330964 . 


0.0 




1 56 


0.0337439 


0 .0 




. 1 6 4 


0.0342816 


0^0 




1 73 


0 .0347161 


0.0 




. ... 188 


0.0350607 


(Ml __ .... 




185 


0.0352212 


0. 0 




1 °7 


0 .0352238 


0 .0 




194 


0. 035061? 


0.0 




195 . 


Q_*034R052 


0.0 






RFSULT ANT JOINT DISPLACEMENTS - FREE JOINTS 



. JJG1N.L - -------- -_Di £2LA CEMJFU I - - - -- -= -- - - 





p 


X _DJ_SP ^ 
C. 0C03838 


Y D L$R_» 
-0.073321 6 


0 


_ J PJ SR. 






9 


0 .0008696 


-0.0733365 








. 


- 1.C 


Q_.JlQ0f>9 9 l 


-0 A.Q.L3 1_80J 










1 1 


0.0006163 


-0. 0730569 










. 12 


0.0011 350 


-Da.Q.7 3142 8 










13 


0 .0017161 


-0 .0730734 










1 4 


__ 0.0013750 


-0. 0729197 










15 


0.0010726 


-0. 0726833 










_ 16 


0.^0.006224 . 


-2^0725782. . 










1 7 


-0.0003482 


-0. 0727473 










_ _ _ 13 


-Q A.0Q1 9 J 6 6 


-CL. 01 22.60 4 










1 9 


0.0018617 


-0.0727860 










70 


0.00251 35 


— 0.07264-52 










21 


0 .0020233 


-0 .0724604 










2? 


0. 0017853 


-0. 0723159 










23 


0.0025314 


-0. 072264C 








- 


_? A 


0,00 323 60 


-0.0720620 




} 





25 

26 



0.0026106 
0 .0070396 



-0. 0718601 
-Q.P71F66B 



27 

79 

8] 

8? 



0.0017748 
.0a.0Q.05_6 70. 
•0 .0021129 
: 0 *. 0 . 0 . 56.325 . 
0 .003182R 
0 .008858? 



-0.0718860 
_-0^07L4 75_?_ 
-0 .07 15888 
.010.5 81 0_ 
-0.0715945 
-0.07 18521 



"V 



* 1 



I 



33 


0.0031329 


-0. 0711063 


3 4 


0.0028003 .. 


-.0.0.7 05 07 6 


3 5 


0.0036385 


-0.0708076 


3 6 


. 0..0043536 


-3.. OIC5.4.4 0. 


37 


0 .0035580 


-0 .0702620 


38 


_Q_, 002902 9 


-0. 0698333 


39 


0.0021158 


-0.0684035 


. 4_C . _ . 


-0 .0006Q33 


-0.. 0.69 59 2 3 


4 1 


-0.0058528 


-0. 0691 124 


.42 _ _ 


.. 3.03 4D 4Q2 


-0.0699404 


43 


0.0047221 


-C. 069683 1 


4 4 


0.0038979 


-0. 0653 5J 9 



323 



45 


0.0035501 


-0.0690725 


.46 


0.0043242. .. 


-0. 06.5.0-407. 


4 7 


0 .0049454 


-0 .0688052 


42 ._ _ 


_ .. Q_. Q34JL126 


_ -0.0684317 


49 


0. 0034790 


-0.067765C 


50 


_ _ 0.0032827 


- _iD.06iL76^ 



51 

52 

53 

5_4 


V ft ,J-L t 1 

0.00287 14 
0_.00.li.166-. 
-0.0005993 
-lQ.._0C.35_5 1 6 _ 


W- • v- v> t i 

-0.0668C65 
-Ojl.06 67 3 3 ] 
-0.0665969 
-0. Q665549 






55 

56 


-0 .0 1 198 6? 
0.0044948 


-0.0653671 
-0.0681 43? 






57 


0 .0050247 


-0.0679629 






. . _ 51 


0 .004233.8 


... -0 .0 67540 5 






■ 55 


0.0038847 


-0. 067168? 






60 


0 .0035397 
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